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I FOSSIL FUELS & SULFUR

Fossil fuels are the world’s unrivaled energy supplier, as theyioenhigh energy
density with convenient physical properties. Petroleum products argvelgsused as
transportation fuels and coal is a common feedstock for energy in poams and
industry. This use of fossil fuels continues to grow several ecaloticeats at alarming
rates. The consequences for the world climate of the greenhousarfgas dioxide is
undisputed. Combustion fuels directly pollute the environment with acidibesxe.g.
SQ, NO)), particulates, trace elements and unsaturated hydrocarbons. Ackay fta
environmental protection is the control of S@® exhaust gases since they cause acid rain,
poison catalysts in catalytic processes, are a major contrifouparticulates, and promote
the formation of smog. Widespread combustion of heteroatom rich “sods’ directly
leads to acid rain and causes damage to forests and increasbdriwgaof building
materials. Improvement of catalytic converters, e.g. in cargtddeagainst SQOs limited
with respect to space and costs. The major part of pollution conth@risfore forced onto
refineries, but cleaner fuels with a low sulfur content, down tethaeels of sulfur, still
poison catalytic converters. Those converters are used in carssamthele to clean the
combustion exhausts from particulates, CO and.N@us sulfur, even in low levels, is

indirectly responsible for higher emission of other pollutants [1].

1  Crude Oil Composition

Petroleum is possibly the world’s most complex organic mixture ¢Bhtaining
chemically distinct constituents over a wide range of polarityraol@cular size in a mass
range from below 100 up to 100,000 Da. Aliphatic and aromatic hydrocarbons censtitut
the largest part of most oils, followed by hetero atom containingtates with e.g.
nitrogen, sulfur and oxygen (N, S, O) and in trace amounts metal¥)XNCrude oils can
further vary greatly in composition and physical properties in aeré&mogn light liquids to

heavy tar like materials.
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In some crude oils aromatic compounds even represent the major paabuliftance
of heteroatoms and the aromatic character usually increasethgitaverage molecular
weight of the sample, so that paraffinic and aromatic structoetining heteroatoms
dominate heavier fractions. The molecular weight range of heaaerons ranges from
~300 up to several thousand Da. The aliphatically bound heteroatoms on theaothare
readily removed in technical desulfurization processes, so thab&wtlas of aromatic
character dominate in heavy fractions after processing. Somepkesafar organic sulfur

compounds (OSC) are presented in Figure I-1.

a) b) c) d) e)
H\S/R Rl\S_S/Rz Rl\S/RZ Q | |
f) 9)
polgw®
S

Figure I-1. Sulfur containing structural elements in petroleum crudes. From the
left in ascending recalcitrance against desulfurization progessethiol, b)
disulfide, c) thioether, d) thiarane, e) thiophene, f) benzothiophene (BTg)and

dibenzothiophene (DBT). The latter two are polycyclic aromaticrbeyeles
(PASH).

Sulfur contents in crude oils range from 0.05 to 13.95 %wt [3], typical amount of sulfur
for economically interesting oils vary from 0.1 to 3 %wt with conteadteve 1 %wt

considered as sulfur rich oils.

The origin of such high amounts of sulfur in crude oils cannot be explamntadly by
sulfur from biota since it is not present in such high levels indivarganisms. Today the
origin of sulfur is believed to lie in sulfate ions in seawateicrdbrganisms like
Desulfovibrioreduce sulfate to sulfide. This reduced sulfur (e.g.)H&n be oxidized by
other microbes, e.grhiobacillus to elemental sulfur which then undergoes anaerobic
incorporation into plant or animal derived organic material [4]. Séheradred OSC have
been identified in sulfur rich kerogenes and immature oils [5]. Mono-dz#ylated
thiophenes, benzo- and dibenzothiophenes have been found. Strong evidence for
isoprenoid thiophenes (alkylthiophenes with an isoprenoid carbon skeleton) in the
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“aromatic” fraction in sulfur rich oifswith 15, 20, 30, and 35 carbon atoms in side chains
has been found [6]. Some OSC present in lesser amounts have a stresamdlance to
hydrocarbons known as geochemical markers or their biochemical pmscudfur
containing geochemical markers, e.g. steranes and hopanes have bedediddine
sulfur incorporation process is strongly discussed and presently platbgvays are

considered:

Biosynthesis formation of OSC was suggested by Cyr and Payzant [7, 8]. Site
selectivity in biosynthetic pathways was believed to determineptsition of sulfur.
However, neither any of the investigated OSC nor functionalized pogsunave been

reported in biota.

Reaction of elemental sulfur with hydrocarbonsearly in the diagenesis process has
been investigated by Schmid et al. [9]. Heating of alkanes withegital sulfur produced
mixtures of 2,5-dialkylthiophenes. Cholestane with elemental sulfuidege sulfur
containing steranes, but of different isomeric composition comparduse tdentified in
crude oils. Sinninghe Damste et al. studied the reaction of edfly sncorporation by
comparison between hydrocarbon structure obtained from OSC via destitfarigan
Raney-Ni) and the hydrocarbon structures originally present. Sulforpo@tion takes
place intramolecularly as well as intermolecularly, whichhh&xplain the high amount of
sulfur in high molecular weight petroleum fractions, e.g. in asphaltand kerogenes.
This “intermolecular sulfur cross-linking mechanism” [10, 11] connécitding blocks
consisting of n-alkanes, saturated and monounsaturated 2-alkylthiophendsaades as

well as hopanes and steranes.

Formation during early diagenesiswas considered by Brassel et al. [10]. Some
examples of chiral derivatives of thiophene have been reported and adcdante
incorporation of inorganic sulfur species (HS-, \HS) into chlorophyll derivatives.
Sinninghe Damsté et al. suggested incorporation of sulfur in thiophaye at an early
diagenetic stage [11]. Early incorporation of sulfur in kerogen sirestis also discussed
by Barakat [12]. Sulfur-containing moieties present in macromolecubstances, i.e.
kerogen, asphaltenes and high molecular weight fractions of crudewédsbeen reported

to form OSC in a similar way in lighter fractions [13].

1 Rozel Point oil field, Utah, USA and oil from Nbern Apennines, ltaly
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The initially formed aliphatic sulfides then undergo various cytbma and
aromatization reactions leading to a very complex mixture ofisadmpounds in mature
oils. A common structural element of sulfur is the thiophene ring shoviagure 1-1e),
but thiols a), sulfides b) and disulfides c) are also present [14pphéne is frequently
condensed to benzene rings or additional heteroaromatic rings. Angreber of parent
sulfur structures in fossil fuels, and especially those of petrolaigm are reviewed by

Czogalla and Boberg. [3].

1.1 Sulfur Compounds in Heavy Oil Fractions

Thiophenes are the dominant sulfur species in fractions boiling over 2%0&ions
boiling higher than 540 °C (residues) contain approximately half oftulfier ©f a crude
oil. The sulfur was estimated to be mostly thiophenic (~80 %) ariseixi polycyclic
systems with aromatic and naphthenoaromatic rings. Substitutionsalythchains and
other heteroatoms (N, O) or additional sulfur are common. Linkage to atbmatic

systems has also been described.
Asphaltenes

Asphaltenes consist of polymeric polyaromatic structures, which foicelles in the
oil and can clog pipelines by precipitation. Asphaltene bottom crackdBCY) is
connected to removal of vanadium and to desulfurization [15]. During thdraggarocess
macromolecules are broken up at connecting inter-unit structures whiéne is often
located. The ABC process does not change the overall sulfur contesntpreteedstock
materials, but redistributes this sulfur into the outgoing streardghus is a major source

of sulfur in refined streams.

1.2  Legislation on Sulfur Limits and Economic Consguence

Europe, the United States of America, and other developed countries werldw
lowered sulfur limits for transportation fuels continuously in the3@syears and this trend
is still continuing. In 1998 the European directive on transportation fe¢léinsits of
sulfur in gasoline and diesel fuel to 150 ppm and 350 ppm, respectively. For 20i@4tthe
will be reduced to 50 ppm for all transportation fuels. In 2003 Germasldgégn went
even further by rising taxes on transportation fuels by 1.53 centst@efoi gasolines

exceeding 10 ppm sulfur.
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Similar trends are observed in the USA, where legislation dindiesel fuels to
50 ppm S by the Clean Air Act in 1994 and in 2000 the Environmental Protecigmcy
(EPA) proposed sulfur limits of 15 ppm for 2006. Japan decided in 1993 on 200 ppm and
in 1997 on 50 ppm S [1, 16], respectively.

For these reasons, during the past decade refining efforts focusddegmréfining” to
very low sulfur levels in middle distillates, which mainly sels transportation fuels.
Improvement of desulfurization processes, but also the inexpensivebdigilaf low
sulfur crude feedstocks helped meeting those standards. This situajoichange in
future as low sulfur crudes are eventually limited and resinstion transportation fuels
become stricter. Gas oils and heavier fractions which are codvatte lighter fractions
pose their own problems as present means of desulfurization cantotheaequired low
sulfur levels at economically viable conditions and maintain product quality [16].

Crude oil production is expected to continue to become more dependent on teavy oi
with higher sulfur contents while environmental restrictions contirmuesignificantly
reduce the demand for high-sulfur residual fuel oil. Although light &iverudes will be
available, there will be an even greater demand than there is. tbdayeduce the
production of high-sulfur residual fuel oil and to increase the productidowssulfur
distillate transportation fuels refineries will be faced vitlie choice of purchasing light
sweet crudes at elevated price, or increasing heavy residue mggcagiacity. There are
several pressures that are expected to push refineries towarelgsed upgrading. These
include [16]:

* Increasing low-sulfur distillate fuel demand, which will requimereased
refining capacity.

» Heavier crudes feedstocks, which will result in a greater higibrs
residual fuel oil production, if conversion is not added.

» Environmental restrictions, which will result in reduced demand fdr-hig
sulfur residual fuel olil.

* A major unknown factor in this equation is the effect of legislation

directed at "greenhouse gases" such ag CO
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The economics of residue upgrading are driven by the difference i Ipeisveen
transportation fuels and high-sulfur residual fuel oil. This diffeakfetween residual fuel
oil as refining output and transportation fuels in Rotterdam and New (¥o¥) Harbor
has averaged about $6/BBL in Rotterdam and $7/BBL in NY Harbor, resggcover
the last 5 year& Natural gas has an impact on this differential, but in genesalual fuel
oil containing 1 wt% sulfur can be expected to remain in this rargjde T-A shows the
recent average differential prices in NY Harbor for some sigfegls compared to 1 wt%

sulfur residual fuel oil

Table I-A. Residual fuel oil price

differential for various sulfur

levels.

%wt Price

Sulfur Differential,
$/BBL

0.3 +3.16

0.7 +0.34

1 Base

3.0 -1.79

A continuing tightening on sulfur limits of residual fuel oils ispegted and the
requirement for 0.5 %wt or even 0.3 %wt will become more prevalent. Asidingin for
refineries fades the extended desulfurization will be intensified.

2 Refining Process

Crude petroleum cannot be used directly; all raw materiabadetd in refineries. The

refining process is essentially a separation by distillatiomovield by complex process

2 as reported by the Oil &Gas Journal "Statistics"
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patterns including hydrodesulfurization (HDS), fluid catalytic coneersfFCC), and

blending. A flow diagram of a schematic refining process is given in Figure I-2.

}Hs *H_:
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Coker Heavy Gasaline Gamaline Isomerzation Straight-Run

Hydrotreater andior Berzene o
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Figure 1-2. Scheme of refining process.

The amount of distillation residue material ranges from 14 up to ~550¥dve crude
oil feedstock [16, 17]. This residue is further fractionated under redquesdure. In this
way heavy and vacuum gas oils are obtained. Vacuum distillation residusontrast to
most lighter fractions, cannot be economically used after distillabut are rather
converted into lighter fractions. This process is shown at the bottoRigafe I-2 as
“coker” unit. Refineries primarily apply three strategies:

* residue catalytic cracking
e residue hydroprocessing

« delayed coking

Typical characteristics for refining products are provided in Table I-B.
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Table I-B. Boiling ranges for classification of refinery prets. Typical maximal an

minimal values are listed in column 3 and 4.

Average
Boiling range [Yov] High [%v] Low [%v] C-range

Sulfur, %wt 1.1 4.3 0.1

Light Ends 3.27 6.75 0.5 2Cs
Light Naphtha <65°C 5.5 9.0 15 6-C10
Medium Naphtha 65-105 °C 7.0 11.8 3.6

Heavy Naphtha 105-175 °C 13.3 18.2 8.5
Kerosene 175-330 °C 17.1 28.7 115 16Co2
Light Gas Oill 260-330 °C 12.7 18.2 8.9 120
Vacuum Gas Oil 330-550 °C 29.2 37.6 19.2  ,0Cypo
Residual Oil > 550 °C 13.8 37 1.4 ®C

Residue hydrotreating is a well-established method for reducingshlfir residual
fuel oil yields. This technology was originally developed to reducesthi@r content of

atmospheric residues to produce low sulfur residual fuel oil.

Residue fluidized catalytic cracking (RFCC) is another approachcdnverting a
significant portion of the heavier fractions into gasoline blending conmpenka addition
to high gasoline yields, the RFCC unit also produces gaseous, @isitid fuel oil-range
products. The RFCC unit’'s product quality, however, is directly affeloteits feedstock
quality. In particular, unlike hydrotreating, RFCC redistributes sulfut does not remove
it from the products [18]. Consequently, tightening product specifications fwaced

refiners to hydrotreat some, or all, of the products obtained by RFCC.

Coking has been selected by many refiners as their preferree d¢bpiceavy fraction
upgrading, because of the process’ inherent flexibility to handle bedmetwviest residues.
The process provides essentially complete rejection of metalsakedwhile providing
partial or complete conversion to naphtha and diesel. Most recent dukezsbeen

designed to minimize coke and produce a heavy coker gas oil thanisataytically

Environmental Protection Agency (EPA), USA, htipuitv.epa.gov/earthlr6/6en/xp/ippapp6a.pdf. Acceshere 2,
2004
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upgraded to lighter products of higher value. The conversion is accomphigheshting
the feed material to a high temperature of about 550 °C at conteotieditience time for

the reactions to take place.

Changes in crude oil quality and product demand have changed this techmology t
include pretreating of conversion feedstocks to minimize catadythgement and coker

feedstocks and to increase the quality and reduce the yield of the by-product coke fraction.

Unfortunately, the FCC catalysts used to cleave the heavyofmac(hydrocracking)
can be poisoned by heteroatoms, especially nitrogen and sulfur, and the abuwidhose
elements increases with increasing molecular weight. Chastict&alues for atmospheric
residue fractions for two examplary crude oil atmospheric resiagegiven in Table I-C
[19]. Fractions 10 to 12 belong to the class of asphaltenes and have beaeadobya

precipitation from the solvent given in the table.

Table I-C. Characteristic data for average molecular weiglegree of saturation, a

heteroatom content of the atmospheric residues)(3@%of two examplary crude ofls

Kern River Av. no. atoms/molecule
Fraction 50% %wt®  Av.mol. Hydrogen S N o)
AEBP? °C weighf  deficiency "Z"

1 369 21.6 337 -8.9 0.104 0.075 0.088
2 426 32.8 420 -12.0 0.134 0.156 0.118
3 461 42.8 471 -14.7 0.163 0.215 0.177
4 499 51.4 527 -16.9 0.196 0.293  0.198
5 536 58.3 594 -19.7 0.249 0.378 0.264
6 574 64.3 682 -23.6 0.296 0.492  0.349
7 611 68.9 755 -27.0 0.316 0.615 0.235
8 656 74.3 876 -31.5 0.356 0.745 0.515
9 726 90.3 1464 -57.9 0.608 1.464  0.873
10 pentane 96.1 3064 -170.5 1.388 4.815 2.298
11 cyclohexane 99.1 5625 -334.6 2514 9.643  4.641
12 toluene 99.6

4 Source: M. M. Boduszynski, Energy & Fuels, (1988), 597-613.
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Offshore California

Fraction 50% AEBP %wt  Av.mol. Hydrogen S N O
°C weight  deficiency "Z"

1 355 18.9 329 76 0282 0056 0.062
2 415 30.4 399 101 0353 0108  0.09
3 461 38.4 469 117 0462 0141  0.117
4 499 45.4 549 138 0.624 0.188  0.137
5 538 49.4 609 -16.8  0.807 0.239  0.164
6 579 54.2 704 213 099 0332 0.189
7 609 57.0 785 256 1185 0387 0.235
8 659 62.7 955 -30.8 1611 0532 031
9 730 78.4 2254 793 412 1481 0873

10 pentané 87.9 5697 2782 11.358 7.121 2991

11  cyclohexane 98.6 16348 -908.9 34.739 23.938 12.261

12 toluene 99.7

a) Atmospheric equivalent boiling point (AEBP). 6umulated %wt starting from atmospheric residus
Determined by vapor pressure osmosis (VPO) inetm. ¢) Matter insoluble in pentane, cyclohexam
toluene.

The heaviest matter boiling at an equivalent of above 650 °C contairsgtinest
content of heteroatoms; on the average each molecule in the vacidueseontains one
or more sulfur, nitrogen and oxygen atoms. This high average sulfuntatdso true for
the coking products, which largely contribute to sulfur in blended produeanss:
Refineries therefore must apply hydrotreating steps for deswfimiz Those are placed
after coking, as depicted in Figure I-2.

3 Desulfurization

The goal of hydrodesulfurization (HDS) is the removal of sulfur witladigicting non-
sulfur compounds, e.g. in terms of saturation. Although HDS is considebedotoe of the
most mature technologies in the petroleum refining industry, on-gaidgestexamine the
HDS process to keep track with increasingly stricter fueliSpatons. As can be seen in
Figure I-2, p. 7 all refinery streams are hydrotreated at teerst. Frequently used catalysts
are bimetal systems of CoMo/&; or NiMo/Al,O; at moderate temperatures (340-360
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°C) and hydrogen pressures of 3.0-5.0 MBR In light boiling diesel fuels only few
organic sulfur compounds remain after deep desulfurization, mainly dipee4-alkyl-

and 4,6-dialkydibenzothiophenes.

Figure 1-3. Desulfurization scheme of dibenzothiophene (DBT) and 4,6-
dimethyldibenzothiophene on catalyst site. Steric hindrance for 4- ol|&ted
dibenzothiophene hampers bonding of the sulfur atom to a free catalyst site.

The same is true for atmospheric gas oils [20] where awelatiow number of
persistent species was found after conventional hydrotreating whiath lmeudlentified as
polycyclic aromatic sulfur heterocycles [21]. Dibenzothiophene and tigggacontaining
alkyl substitution in adjacent positions to the sulfur were the onjgmsalfur structures
found [20-23]. Reactivity of PASH could be classified into four grouperdang to HDS.
Investigated were typical HDS conditions, e.g. CoMo and NiMo a$ysttabn carbon or

Al,O3 at 360 °C and ~3 MPa hydrogen pressure, the reactivity decreases as follows:
(1) AlkylBTs lacking substituents in 2- and 7-positions.

(2) 2,7-Substituted BTs, DBTs and alkylDBTs lacking substituents irantt 6-

positions.
(3) AlkylDBTs containing only one substituent in 4- or 6-positions.

(4) AlkylIDBT containing two of the alkyl substituents in the 4- and 6-positions.
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Parameters for the desulfurization of model compounds were reptasenfa

refining operations as alkyldibenzothiophenes listed under (4) were tlye satilr

moieties observed in deeply desulfurized

Table [|-D. HDS reactivity of thiophene _ _
fuels. Sterically constrained access of the

derivatives. _ _
sulfur atom is therefore the main reason to
Structure Relative rate reduced reactivity [21], substitution in any
constant$ position other than adjacent to the sulfur
atom is of minor influence [20, 23]. Thus
2250

structures with terminal thiophene rings

1330 showed similar behavior as
benzothiophene. Standardized reaction

100> ¢ rates for the problematic PASH are given

in Table I-D. Although values originate

o® or 38 from different authors and have been
obtained with different catalyst systems,
data are in agreement with the reaction
6.7 or 1T _ _
order described above. Thiophene

derivatives with more than three

91° . _
condensed aromatic rings are more readily

desulfurized than dibenzothiophene [20].
4use 260

Two major pathways have been

0 8885<

Relative reaction rate constants for a) CoMgD4l 300

°C, 7-10 MPa, b) CoMo/AD;, 300, 10.2 MPa, c) _
bimetal catalysts. The direct

NiMo/Al,0;, 320 °C, 2.5MPa. d) Relative to
DBT = 100. desulfurization (DDS) pathway competes

described for desulfurization of PASH on

with the hydrogenation of one adjacent

benzene ring followed by eased reduction of the sulfur atom (HYD). Batthways are
shown in Figure I-4 a) and b) for two common bimetal catalysesyst The second path
(HYD) consumes four times more hydrogen than direct reductive remnobuibk sulfur

atom. The hydrogenation route facilitates the higher reactivibenzonaphthothiophenes

® Source: D. D. Whitehurst, T. Isoda, and |. Mochingidv. Catal., (19982, 345-471.
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compared to dibenzothiophene since the higher electron density in tkee $ggiems

facilitates reduction of an aromatic ring [23, 24].

a) CoMo/Carbon, 300°C, 2.9 MPa b) NiMo/&D;, 320°C, 2.5 MPa
14 22
Ky llOO ks | 3300 ky llOO ks l 3300

—_— —_—

Figure 1I-4. Major reaction pathways of desulfurization. a) Reaction rates on

c

CoMo/carbon; the left side arrow;jkshows the direct pathway (DDS), uppes) (k
and right (k) arrows show hydrogenation of an adjacent benzene ring followed by
desulfurization (HYD). b) Shows the reaction rates for dibenzothiophene on
NiMo/Al ,05'".

In case of low sulfur feedstocks these bimetal catalysts woek Vor the
desulfurization of lighter fractions down to 0.05 %wt of sulfur [1]. Lowencentrations
like the 10 ppm demanded by German legislation, which means techsidéliyfree fuel,
can be achieved by lowering the distillation cutoff for fuel fiawdi Otherwise such sulfur
levels are hardly achieved by conventional HDS even for dieseliofiactwhile
maintaining other fuel specifications like boiling range, oxygen contepor pressure,
and overall aromatic content [16]. This cutoff additionally adds to hehigmount of
heavier -less valuable- products. Hydrotreating process conditionsltyfpic various

refinery streams are shown in Table I-E.

Resistance to hydrodesulfurization increases with molecular wgigHt9, 23, 25],
more drastic conditions are necessary as the target fractiomghrainges increase. Higher
temperature and hydrogen pressure, though necessary, lead to sidengeazn.
hydrogenation, cracking reactions, and also formation of larger condensexitia
structures have been reported [19]. Under too severe conditions, like aeimgerabove
~400 °C, product quality declines and consumption of hydrogen rises tremendioeisty
conversion of all matter in the sample. The resulting decreastané number, formation

of fluorescence dyes and other side products limit the brute apmhczEttemperature and

¢ Cetane number: Flammability of fuels in comparisma mixture of n-hexadecane (value = 100; higlalymable) and 1-
methylnaphthalin (value = 0; less flammable).
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hydrogen pressure for high boiling fractions. Recent studies showedhéhabomplex

molecules present in heavy feed adversely affect removal of heteroatoms [25].

Table I-E. Typical hydrotreating process conditions for @as boiling rang

fractions’.

Feed Process Temperaturdd, Pressure H, Consumption

[°C] [MPa] [Nm%m?]

Naphtha HDT 320 1-2 2-10
Kerosine HDT 330 2-3 5-10
Atm. Gas Oill HDT 340 2.5-4 20-40
Vac. Gas Oil HDT 360 5-9 50-80
Atm. Residue HDS 370-410 8-13 100-175
Vac. Gas Oll HDC 380-410 9-14 150-300
Vac. Residue HDC 400-440 10-15 150-300

Those side reactions results in a cost of raised hydrogen consungptian be seen in
the fifth column in Table I-E. The improvement of desulfurization ofviaeaactions
therefore must concentrate on the catalysts involved, but directeajoienzlt for residue
processing is not possible due to lack of information on recalcitiafur sspecies.
Development of catalysts takes place on a more or less erhpas®, hence much of the
sulfur remains in the residues even after costly hydrogen and eseggnt. Furthermore
refineries are forced by ongoing increase in demand and overconsumptioettef
feedstocks to exploit more and more oils of lower quality [1, 16]. Fona@mical
processing, structural knowledge of critical compounds, such as thetipgrssulfur
structures, is highly desirable.

The final determination of the offending sulfur species in heavietidrecstarting with
atmospheric gas oils was believed to be impossible with preselytiGaprocedures
(1998 Whitehurst) [1]. General features of naphtha and gas oils aneldtieer reactivity
in the conventional hydrodesulfurization process have been studied. The aliphati

monoaromatic fractions after HDS were found to be almost fresulffir, which was

" Source: D. D. Whitehurst, T. Isoda, and |. Mochifldyv. Catal., (1998%2. 345-471.
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present almost exclusively in multiring aromatic structuresnzB#iophenes and
dibenzothiophenes with up to 16 carbon atoms in alkyl chains have been reported t
account for the largest part of the sulfur in atmospheric gastigber condensed PASH
with four rings have been described in gas oil samples [23], but tteebenmore readily

desulfurized than dibenzothiophenes [24].

Summary

The catalytic conversion of heavy fractions is often hampered byoh&ies present
in the feedstock, especially nitrogen and sulfur. Necessary dezatfon is difficult and
not always possible due to recalcitrance of some sulfur specredysfs of lighter
petroleum fractions revealed PASH, especially those with allbdtgution that sterically
shields the sulfur in the molecule, to be the major sulfur contribukos. heaviest
fractions, less structural knowledge of the recalcitrant spexiasailable. Consequently,
for rational development of efficient desulfurization procedures and o&talysts,

structural knowledge of the relevant sulfur species is needed.
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I ANALYSIS OF HIGH-MOLECULAR-WEIGHT FOSSIL
FUEL FRACTIONS

Fossil fuels are a major source of environmental pollution and thenefdine focus of
numerous studies of pollution control. Ecologically driven legal linoitest of sulfur and
other pollution precursors naturally bring about the analysis of sulftlmase materials.
Due to the enormous importance of this topic a great number of methddschniques
for sulfur analysis are presented in literature. Numerous autheestigated sulfur in
fossil fuel materials (oils, shale oils, tar sands, or coal)vanidus kinds of products and
intermediates of the refining process. Analytical techniques hiseeb&en applied for
heavy petroleum fractions as presented in detail in this chaptely Btadies combine
various analytical methods, those studies are reported according mao#tesignificant
method. Since heavier refinery streams are not directly usednéigsis of sulfur is not
directly driven by limiting legislation. Process demands and the $ufur contribution to
blended fuels propelled the interest in this field in the past. Amw)stacle to heavy
fraction analysis is the difficulty of the task, as the compjexi composition and the
number of possible isomers increase tremendously with rising &veratpcular weight.
Due to their non-volatile nature heavier fractions additionally defyproon powerful
analytical techniques like gas chromatography or some ionizatibmigees for mass

spectrometry.

1  Liquid Chromatography

Spectroscopic, chemical and pyrolytic methods described below vyield barky
parameters and cannot give information on single structures or naefimed classes.
To gather such information, separation into chemical classes liynd of methods is
therefore undertaken in the literature [26, 27]. A detailed descriptioniqoid
chromatography (LC) applied in this thesis for the separation of vapesitdue samples is
given in the chapter “Liquid Chromatography of Vacuum Residues” (p. 30).mids
important separation techniques and most widely spread chromatogrggibios applied

for petroleum samples in the literature shall now be summarized.
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1.1 Group Separation into Saturates, Aromatics, R&ss and Asphaltenes (SARA)

The initial and most common step in petroleum analysis of disfiteations is the
group separation into saturated and aromatic compounds, resins and asphBksires
are polar components usually of high molecular weight, and asphaltenassalubility
class of highest molecular weight matter insoluble in satuedkathes. For SARA first the
asphaltenes are removed by precipitation, then column chromatographyican osil
alumina separates saturates, aromatics and resins by stegutisa with solvent of
increasing polarity [28, 29].

1.2 High Performance Liquid Chromatography (HPLC)

For better separation characteristics high performance liquid etography (HPLC),
(see also Chapter V, p. 30) is used rather than simple LC instruimeniehe main effort
after SARA separation is the isolation of chemically and procéduveell defined
compound classes. Especially the separation of the “aromatis’ atasrding to number
of fused aromatic rings is of great aid for further analysg, |@ass spectrometry. Three
classes of stationary phases have been frequently applied for abgosphic analysis of
polycyclic aromatic compounds (PAC).

1.2.1  Gel Permeation Chromatography (GPC)

Molecular weight distribution of several vacuum residues by gel qm#rom
chromatography (GPC) in combination with matrix assisted laserggon and ionization
(MALDI) mass spectrometry (MS) [30-33] or laser desorption idiona(LDIl) MS [34]
has been the subject of investigations in some depth. The retentiorvgfrhaizrials in
GPC was sought to be predicted by comparison with their mobilityhim Kayer
chromatography [35-37]. Herod stresses the use of 1-methyl-2-pyrrolidonelale phase
[38], but all efforts focused on the whole residues or the insoluble tspémland not
specifically on the aromatic fraction, with focus on compounds of mudtehigolecular

weight than those studied in this work.

1.2.2 Charge Transfer Stationary Phases

Charge transfer stationary phases have been applied for isolatwongdtic moieties
according to the number of annealed aromatic rings [39]. Usuallyraxegair acceptors
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are loaded on silica or chemically bound to the stationary phase. phtasgs have been
used for the separation of PAC in coal liquefaction products and petrpiéths [40-44]
and for the class separation and preparation of petroleum arord&ti48][ However, the
influence of substituents and heteroatoms limits the applicabilitheoimethod. Charge
transfer LC applied for the separation of vacuum residue samptbs ithesis is further

discussed in detail in chapter V1.3 (page 35).

1.2.3 Reversed Phase Separations

The shape selectivity of bonded alkyl stationary phases has beeibetgor PAC
analysis [50, 51]. Length to breadth ratio, planarity and alkyl subentwsf aromatic
molecules greatly influence the interactions with the statiopdugse and allows for

separation of isomers that co-elute in normal phase chromatography.

2  Bulk Analytical Methods

A wide variety of analytical techniques have been applied to the studgtroleum
fraction structures. Bulk structural characterization methods, lemeatal analysis, ultra
violet (UV) and visible light spectroscopy, infrared spectroscopy, aucieagnetic
resonance (NMR) spectroscopy, and X-ray spectroscopic methods [52]isgiut overall
information, particularly with respect to the determination of fumati groups and degree
of “aromaticity”. Mass spectrometry is used to provide molecwl@ight distributions.
Degradation techniques, which include chemical degradation and pyr@isisgive a

better insight into petroleum structure.

2.1 Chemical Approaches of Degradation and Derivatation

The aim of degradation studies is to make the degradation yieldxamom of
identifiable products, which still retain their structural reaship to the crude material,

but are more suitable for analytical methods (fingerprint).

2.1.1  Chemical (Degradation) Reactions

Oxidative degradation of sulfur rich kerogens by sodium dichromate 48ia0-;) in
glacial acetic acid cleaves off alkyl substituents from ttoenatic system at the benzylic

positions [53, 54], leaving aromatic carboxylic acids for analysisnderRuthenium
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tetroxide is reported to degrade aromatic rings [55, 56] to carleoagid functions and
thus preserve the alkyl substituents for analysis. Both reactiodsvéious others) have
been used for the study of alkylated polycyclic aromatic compoundsroieueh and coal

samples [53-58].

Hydrogenation. Other authors determine overall sulfur content in petroleum products
by hydrogenation [59, 60].

Derivatization. The derivatization of compound classes in petroleum samples has been
used to improve separation characteristics and detectability.d&ulfand thiols in
petroleum distillates are differentiated by derivatization \pightafluorobenzoyl chloride,
which forms thiol esters [61]. The subsequent gas chromatographiats@p#s supported
by increased thiol elution times, separating them from sulfidestaClieaistic fragment
ions aid in mass selective detection. Structural characternzafi sulfur compounds in

petroleum by*C NMR was improved by sulfur methylation [62].

Desulfurization with Raney-Ni. Mass spectrometric analysis of sulfur rich oils and
shale oils is supported by desulfurization of OSC with Raney-Ni [6Bg resulting
hydrocarbons are compared with the hydrocarbons initially present im@cdnactions to

determine the OSC formation process [5, 6].

Reagent selectivity and the possible formation of new compounds nosaetateve
for the sample are always problematic for reaction approaches.daval differences in
reactivity, e.g. due to steric hindrance make quantification diffidthiis is particularly

important for complex mixtures of mostly unknown composition.

2.1.2  Pyrolysis

Pyrolysis thermally fragments the sample in an inert atmosplgavy petroleum
fractions and related materials yield small structural umitatiie enough for gas
chromatographic analysis during pyrolysis [64]. Generally, the feaggrare separated and
analyzed by gas chromatographic systems that allow for the ymevefful detectors like
mass selective, pulsed flame photometric, and atomic emissiotodetéawever, similar
problems as discussed in 2.1.1 arise. While some pyrolysis productsemegresentative
for moieties originally present in the sample, others might &ksoproduced during

pyrolysis.
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2.2 Spectroscopic Techniques

Compositional information is obtained to some degree from elementdysss.
Infrared or nuclear magnetic resonance (NMR) spectroscopy haveappéed to the
study of functional groups or quantification of carbon species (e.g. defegematicity).
Several publications contribute to the determination and quantificatiengahic sulfur
compounds in petroleum samples by spectroscopic techniques like X-taptedvs near
edge structure (XANES) spectroscopy and X-ray photoelectron spegiyoéXPS) [65-
67]. A quantitative response to inorganic and organic sulfur, e.g. thiolophenic and
sulfonic sulfur is obtained. Structural characterization of an agpigalfraction from
vacuum residues of an Arabian crude mixture has been done by a combimfation

spectroscopic and pyrolytic methods [68].

3  Mass Spectrometry (MS)

In numerous studies heavy petroleum fractions have been investigatecadsy m
spectrometric methods. Dependening on analyte polarity various ionizatiomques can
be applied. For the ionization of aromatics in high boiling fractiomeraé methods have

been developed and shall now be described.

Boduszynski [19] reported on field ionization (FI)-MS of heavy petroletautibns,
however, reliance on thermal introduction limits application to sampitten a certain
boiling range. Non-volatile components of vacuum residues are thus dmstecth The
analysis of nonvolatile residue components with field desorption ioniz€EORMS of
nonvolatile petroleum components has been reported by Larsen [69], but thke sam
loading procedure on a fragile emitter proved impractical for routmalysis.
Thermospray ionization (TSP) has been applied to interface HPMStéor analysis of
high boiling polycyclic aromatic compounds (PAC) as shown by Hsu [70jdmihot been
used extensively due to sensitivity limitations and inaccesgibilimore polar compounds
including some heterocycles . Particle beam ionization (PBhoshar interface device
capable of ionizing heavy aromatic compounds [71], but recent PB igetésigns suffer
from sensitivity and linearity limitations [72]. Matrix asgdt laser desorption and
ionization (MALDI) is extensively used for molecular weight dimition determination of
heavy petroleum fractions. Atmospheric pressure chemical ionizahBRI{ has been
developed as interface between HPLC and MS as well and has beed &ppionization
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of heavy PAH by various authors [72-74]. APCI-MS spectra have the digadeaof
arising from various ionization mechanisms, depending on analyte séruemar size,
leading to the formation of several possible ions [75]. This can hintepretation of the
mass spectra. So are PASHSs reported to yield[Mp well as [M+1] ions in weak
correlation with molecular size, which complicates the speatilapassibly interfere with

signals from nitrogen drC containing species.

Electrospray ionization (ESI) of polar crude oil fractions has lreported to be
superior to APCI in sensitivity and ease of interpretation of éisalting spectra. Direct
ionization of aromatic compounds with ESI techniques is not veryaiti§vy6-78] so that
pre-ionized compounds are desirable. Electrospray ionization of aramydtiacarbons in
heavy petroleum fractions has been investigated by Roussis [79], wkdveseaiitrate as
ionization aid. Other studies employed trifluoroacetic acid, 2,3-dichloroiby@no-1,4-
benzoquinone, and antimony pentafluoride as chemical electron-trangfenteefor the
ESI ionization of neutral PAC [80]. For PASHSs, palladium(ll) hasngly been used as a
sensitivity enhancing reagent in standard resolution experimemtsawiESI ion trap MS
[76, 81].

3.1 High Resolution Mass Spectrometry of Vacuum Rehkies and Related Samples

In 1954 Lumpkin and Johnson reported the identification of sulfur compound types in a
petroleum gas oil and presented strong evidence for benzothiophenes and
dibenzothiophenes on a double focusing instrument with a resolution of 10,000 [82-85].
Recently Marshall et al. showed the capability of mass speetrprof highest resolution
power by Fourier transform ion cyclotron resonance mass spectro(Rés{CR-MS or
FT-MS) for identification of elemental compositions of polar compourdsdiesel
fractions [86, 87]. Unrivalled resolution of this spectrometer-typaaallidentification of
thousands of signals, each representing a distinct elemental caomosit a single
spectrum of a sample. The use of FT-MS instruments has been expacdade oil [88],
middle [89] and heavy petroleum fractions [90], and coal extracts [91], entetindi upper
mass limit to approximately 1,000 Da. Nonetheless the focus remmipslar compounds
and on advancing the instrumentation used. Various ion sources, like low efemtgon
impact (El) [87], ESI [92] and FD [89] have been utilized in combinatath high

resolution FT-MS for petroleum analysis. Aromatic components in petrolvacuum
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residues are ionized by in-beam EI [93] and characterized by RIMS. It shows that all

aromatics, both hydrocarbons and heterocycles, are unselectively ionized.
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Il OBJECTIVES

For the refining operation in the past, meeting higher sulfur lehels today, exact
knowledge of the structures of individual fuel compounds was not necdssateir
removal. Rising prices for low sulfur crude oil feedstocks and deedeagal sulfur limits
in transportation fuels enforce the increased refining of oils angdy lpedroleum fractions
with lesser quality while at the same time lowering theuswbntent in product streams.
Even with modern hydrotreatment procedures low quality feedstocks canooh\erted

to meet the desired specifications under economic conditions.

Characterization of petroleum cuts is a necessary stageetibea understanding of the
desulfurization reaction mechanisms and to describe the kineticert#inc refining
processes such as hydrotreating or catalytic cracking. This knemvedgsential to get a
deeper insight into reactivities of sulfur compounds in the heavy enm@dirihg and for
development of improved desulfurization processes for crude oils. So émifedgreat
technical progress, no satisfying method has been reported for treetehaation of

recalcitrant sulfur aromatics in vacuum residues.

For analysis, crude and distilled oils are often separated ifqoatit, aromatic, and
polar compounds (resins) and insoluble asphaltenes. The aromatic fiadi@nhardest
one to desulfurize [19, 25, 94] and is therefore the fraction of interélsts work. As a
major target, a simple method that provides structural informatioraaicitrant aromatic

vacuum residue compounds should be established.

In the first part of this work a representative PASH strucstieuld be defined, based
on preliminary bulk analysis, and synthesized for use as a standaedttanalytical
procedures, e.g. retention on various chromatographic systems or ionizattbn

fragmentation behavior with various ion sources for mass spectrometric analysis

Secondly, a chromatographic method should be developed to separate cheweitall
defined fractions of the aromatic compound class contained in the vamsidue
samples. The fractionation into classes according to the numbeedfdusmatic rings per
molecule should be investigated. Other structural elements, whichctdraze certain

groups of structures, should also be exploited for their use as saparderia. Special



24 Vacuum Residue Sample

focus of the investigated chromatographic methods should be directed alstihet

separation of sulfur compounds.

After establishing a successful chromatographic fractionation guoeehe obtained
fractions should be analyzed by spectrometric and spectroscopic methaedivance
knowledge of the molecular structures present in the aromatimofraagain with major
focus on organic sulfur structures. The applicability of the eskadalisnethod should then
be demonstrated on the aromatic fraction of two vacuum residue sdvefdes and after a
partial hydrodesulfurization (HDS) procedure. Finally, information onefifiect of HDS
on high molecular weight sulfur structures present in heavy petrdi@aations should be

gathered.
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IV VACUUM RESIDUE SAMPLE INVESTIGATED IN
THIS WORK

The vacuum residues investigated in this thesis have been obtainea@ f&afania
(Saudi Arabia) crude oil. Boiling ranges of the samples have beemmuieéd by simulated
distillation and range from 466 °C to above 720 °C, with 10 % of the matmaining at
highest temperature. One fraction used for investigations was tedtr@aterial (“feed”);
the other fraction has been hydrotreated with metal catalystgaftial desulfurization
(“effluent”). The aromatic fraction of the “feed” and “effluentias been prepared
according to the SARA[95] method. Asphaltenes have been removed by precipitation
with n-heptane and the aromatic fractions have been isolated fromateatand polar
compounds by liquid chromatography on silica [28]. These aromatic resatti®iis and
the data mentioned have been provided by the Institute Francais du,Pégmiaison,
France [77, 96].

1  Average Composition of the Vacuum Residues

The elemental compositions are given in Figure IV-1 a) on thdHeftfeed” of the
hydrodesulfurization process, the data given on the right b) refer tbettheent” of

partially processed stock.

Heteroatoms are enriched in fractions with increasing boiling pbuttoxygen and
nitrogen containing species are expected to be found mainly in morne fraaitons.
Therefore the relatively high amount of sulfur of 4.7 %wt along withdoncentrations of
oxygen and nitrogen is consistent with the heavy fraction compositisogssed before.
The amount of carbon and hydrogen remained nearly unchanged during HDS, ém cont
of sulfur in the aromatic fraction is decreased from 4.7 to 2.9 %ws. fBimnaining high
amount of sulfur illustrates the problem of recalcitrant sulfurcisgein such heavy

petroleum samples [96].

8precipitation of asphaltenes with nonpolar sohfelowed by liquid chromatographic separation of #pluble part into
saturated, aromatic, and resin compouSdtiratedaromaticsresins andsphaltenes (SARA).
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a) Feed Aromatic Fraction b) Effluent Aromatic Frant

O N <0.05 % O N <0.05 %
mBO 025% B O 020%
BS 47% BS 29%
OH 11 % OH 11 %
B C 84% BC 8%

m Aro. CH 8 %
m Aro. Cquat. 13 %
O Sat. CH 12 %
@ Sat. CH 40%
mSat.CH 14 %

m Aro. CH 7%
E Aro. Cquat. 13 %
O Sat. CH 8 %
mSat.CH 45%
B Sat.CH 11%

Figure IV-1. Elemental composition andC NMR data describing fractions of
the aromatic compounds of the Safania vacuum residue investigatesl tinetsis
a) before (feed) and b) after (effluent) partial HDS.

Elemental analysis, quantitativ®C NMR experiments and molecular weight
distribution determination by GPC were provided with the sample. @asaipport this

work are given in Appendix 1X4.

The data presented in combination with UV spectroscopy and molecuightwe
distribution determination by use of mass spectrometry of the vacesicue samples
indicated highly alkylated PASHs as major sulfur containing specke standard
compound is necessary to predict such a molecule’s analytical pesperyg. retention
behavior or ion stability in mass spectrometric analysis. Suchyhaikylated structures
are not commercially available and thus had to be synthesized. Tdwiriigl data serve as
a basis for defining such a molecule.

The UV spectra of the vacuum residue before and after HDS inditate2 to 3
condensed aromatic rings might account for the average moleauletust. Elemental
analysis led to an average elemental compositionsgfl6S; for the feed and £gH11651
for the effluent fraction. The latter elemental composition hasokecular weight about
twice that of the average weight determined by GPC and MSlIflbhéhe compounds

after the HDS process are approximated to contain organic sulfer,efemental



Chapter IV 27

composition for the effluent would divide into;dEissS for an average PASH andgBsg
for PAHs. The corresponding molecular weight of 530 Da is in good agrgemith the
maximum of the molecular weight distribution determination by GR€ MALDI-TOF-
MS. Remaining sulfur structures in the effluent fraction should aostadfur in thiophenic
rings analogous to HDS recalcitrant structures in lightenirefifractions. Combining this
with the result from UV spectroscopy indicates benzothiophenes or dibeapwnes.
Such molecules of 530 Da would have side chains made uptfs@r CyoH3s (feed) for
a benzothiophene (BT), a dibenzothiophene (DBT) would comprigidséor GoeHsa,
respectively. This substituents cannot be unbranched, but must contain a o@migs

(R) given by:

CcHn=2cr22r OF R= C+1—g (eq. 1))

c: total number of carbon atoms in all side chains
h: number of hydrogen atoms in all side chains

The number of naphthenic rings in an average molecule is given in [VaBléor BT
and DBT assumed as parent structures. The calculated distributianomiatic and
aliphatic carbon atoms was compared to the value obtained with quremtitat NMR

spectroscopy

Table IV-A. Naphthenic rings depending on parent structusmmparison to data provided
by quantitative*C NMR spectroscopy.

Parent structure Alkyl Naphthenic BCNMR  CygHus
Ca7Hs6S groups rings
BT CogHusg 5 arom.C% 21.6 22.9
CaoH3s 12 aliph.C% 78.4 77.1
GoeHaa
DBT CosHas 1 arom.C% 21.6 32.4
CoeHzy 9 aliph.C% 78.4 67.6

® Data for'3C NMR has been provided by the Institute FrangaiBétrole, Vernaison, France.
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From quantitative’>C NMR spectroscopy (given in Appendix 1X4) the average
amounts of carbon hybridization, quarternary, secondary and tertiary edmogs and the
number of aromatic carbons can be estimated. A BT aromaticus&weith 29 C atoms in
side chains can be deduced together with an average number of favéradgphatic side
chains.

2  Synthesis of an Highly Alkylated PASH

The assumption of a BT with substituents of the formulddgs implies five aliphatic
rings and thus fits with all above mentioned criteria and can thuspsesented by the

molecules displayed in Figure IV-2.

Ca7H54S
1 530.89

Ca7H54S
1a 530.89

Figure 1V-2. Structure of cholestano[2(8-5,6,7,8-tetrahydronaphtho[2d]-
thiophenel (CHNT) as a representative molecule for average properigsha
isomer la obtained as side product by bromination of 3-cholestanone in 4-

position.

Cholestano[2,3)-5,6,7,8-tetrahydronaphtho[2dlthiophene (CHNT) GHsS 1,
which is shown in Figure IV-2, has been prepared from 3-cholestanone aertdpto-
5,6,7,8-tetrahydronaphthaler#e according to previously described methods [97]. This
reaction pathway is depicted in Figure IV-3. For this synthesisp2dn3-cholestanong

is required and is reported to be the major product of bromination of 3-cholestanone [98].

Presumably some 4-bromo-3-cholestanone was also formed, leading ktuge noif
two isomersl and la of the final product. MALDI mass spectrometry showed no other
signals than a base signal at m/z 531 (M+HE32 (67 %), 533 (23 %) and 534 (6 %). The
signal for M+1 is considerably higher than theoretically caledlg§67 % vs. 42 %). This
may be due to protonation as observed elsewhere, even without obvious protoriS8yurce
100].



Chapter IV 29

S Toluene

| thosphoric Acid / 111°C
CaHssS 1 -H0

530.89
S
KOH CaHsc0S
o 4

EtOH/H,O 548.91
-HBr

1

Br SH
Cy7H45BrO CioH12S
465.56 164.27

Figure IV-3. Reaction path for the synthesis of cholestandp?-36,7,8-
tetrahydronaphtho[2,di}thiophenel (CHNT) from 2-bromo-3-cholestanoBe

In *H NMR only two doublets at 7.48 and 6.90 ppm are seen in the aromata.regi
These doublet signals agree with the [2,1-d] attachment of thahydtmaphtho
substructure to the thiophene ring true for both isorbensdla The®*C NMR spectrum
is more complex, showing more than 37 signals, indicating the presencecohd smmer
laof CHNT.

'H-NMR: (360 MHz, CDC}):

5=7.48 (d3) = 8.1 Hz, 1H CH); 6.90 (d,3J = 8.1 Hz, 1H C2-H); 2.90 to 0.60 (m, BJ-
ppm.
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V  LIQUID CHROMATOGRAPHY OF VACUUM
RESIDUES

Many preparative and semi-preparative chromatographic methods usegtotgr
separation of petroleum have been developed over the years. Apart fpanatiseg
aliphatic, aromatic, polar compounds and asphaltenes, the further frachooné the

aromatic class has received much attention.

Some applications of HPLC separation on heavy petroleum samples bawe b
presented earlier in Chapter II1. Generally, different typestefactions have been used
in liquid chromatography to separate mixtures of solutes. A posdidmsifccation of
separating mechanisms is based on the following principles: Suatlsm@ption, solute
partitioning, ion exchange and relative solute size, to name the cadggories. In surface
adsorption chromatography analytes with different degree of attraid the stationary
phase are separated through a series of adsorption/desorption stepstition pa
chromatography different solubility of the analytes is utilizedciwhiesults in repeated
partition between mobile and stationary phase and finally in separdthese two basic
principles have been widely used; normal phase chromatography combipekra
stationary phase with relatively non-polar solvent whereas in exvenghase
chromatography a non-polar stationary phase with polar solvent is usediorfFor
chromatography the desired interactions are of an electrost#iee n&tationary phases
are weak cationic or anionic exchange resins. In the fourth majmgorg of
chromatographic methods, namely size exclusion chromatography, a porsepayates
analytes according to molecular size. Interactions between euaalgitstationary phase are
not desired and usually suppressed by solvent with strong solubility. ritakers the
hydrodynamic volume of an analyte, the more pore volume is accessibteealonger is

its path through the stationary phase.

In an ideal chromatographic separation, only one of the four mentionedtsapar
mechanisms is operating, but in practical work an overlap of differeghanisms is
found. This can be exploited for better separation performance (@agolsgroups in

addition to alkyl chains bound to the silica can strongly influencedatention order in



Chapter V 31

reversed phase partition chromatography). The overlap of mechanismalscarbe
suppressed, e.g. by altering temperature, solvent strength or by auoalifiof free silanol

groups on silica stationary phases.

1  Detection of Polycyclic Aromatic Compounds (PACs)

Several principles can be applied for signal detection. In thisstteesliode array
detector was utilized for online recording of UV/vis absorbance ispedihe main
advantages and drawbacks of this detection method will now be descriti@itoreally
employed for the offline mass spectrometric characterizatimhmr@imatographic fractions
was matrix assisted laser desorption ionization time of fhggds spectrometry (MALDI-
TOF-MS).

1.1 UV- Vis Spectroscopic Detection of Polycyclic réBmatic Compounds with
Diode Array Detector

It is well known that UV light absorption of an aromatic molectilergyly depends on
the number and structure of rings. Spectral properties of arorgstéss with one to four
fused rings are listed in Table V-A. The influence of aliphailzsituents on the spectral
properties of a compound must be considered, because a high degreeatibalkglto be
expected for heavy petroleum samples [19]. Judged from the tabled, vaktbgl groups
shift the absorption maxima only a few nanometers. The length of etleyns has a
negligible effect as can be seen for 4-methyl-, 4-ethyl- and y-sdbstituted
dibenzothiophene. Multiple substituents have slightly more influence onrapdata,
however the shift of UV absorption maxima is small (below 10 nm). frormze the
effect of the solvent on the UV absorbance characteristics igoehation was used in the
chromatographic experiments. Identification of separated parentuseésidy online UV
spectroscopic detection thus is a simple tool to follow the desgaration of a HPLC

system.
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Table V-A. UV spectra characteristics for some aromaticrgarempounds.

Structure Name o .2 Major maxima  Side maxima
T FS b b
g 2 S E [nm/abs.’] [nm/abs.’]
< <o
@ Benzené 1 6 254/2.5; 260/1.7 243/1.0
252/9.6; 262sh/5.3;
1 a . ] ]
Indené 1% 8 209/22.0; 221/10.8 280; 290
Naphthalen® 2 10 225 265; 275; 285
. Fluorené 2152 12 215 253; 258, 265, 273;
302
_ 339/0.6; 356/0.9;
Anthracen& 3 14 246/10.0; 252/20.8 374/0.9
O 213/3.5: 221/2.2:
Phenanthrerfe 3 14  246sh/5.0; 252/6.4 275/1.43; 282/1.1;
,O 294/1.4
O CHs 211/1.7: 224/1.4:
4-Methylphenanthrefle 3 14 251/7.1 276/1.0; 386/1.0;
,O 298/1.3

236/52; 276/24;

1 a
Fluoranthen®e 3% 16 287/45:

342/7.9; 358/8.3

e
&

238/5.7; 273/5.4;  232/4.5; 263/2.5;
335/5.6 320/3.2; 332sh/3.2

Pyrend 4 16

218/2.9; 223/2.9;
Chrysené 4 18 259/7.6; 269/15.2  283/1.1; 295/1.2;
307/1.3; 320/1.2

218/3.4; 223/3.3;
286/1.2; 298/1.3;
310/1.5; 324/1.5

O O 227sh/2.0; 246/3.3;
. Perylené 5 20 206/6.4; 253/4.8 387/1.23;
O 408/2.72;436/3.8

261/7.5
270/14.6;

6-Methylchrysen® 4 18

OO‘O‘ Benzo[a]pyren® 5 20 297/6.4 266/4.9; 385/3.1
[ . 227/6.8; 231/7.1;
Thiophené 1 6 237/6.6 243/3.8
C@ Benzo[b]thiopherd 2 10  227; 255sh; 262 268; 290
3-Phenylbenzo[b]- )
| O thiophené 2+1 14 233 ;255 300
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Cholestano®,3-b]-
5,6,7,8-tetrahydro-
R naphthop,1-d]-
thiophené

. . 211/1.8; 254/1.6;
‘\—5/‘ Dibenzothiopherfe 3 14 236/5.7 263/1.0: 286/1.4

R.: 4-Methyf- ; 4- . .

| Ethyl- ; 4-Octyl- 3 14 235/3.6; 239/3.8 233/1'0’_256/1'1’

. . 264/0.7; 285/0.9
dibenzothiopherfe

Ry
\

N

10 255sh; 262 268

n

R: 4,6-Dimethyl- ;
| 1,4,8-Trimethyl- ; . 233/1.0; 256/1.1;
‘ :s\: ‘ 24,68 Tetramethyl- S 14 236/36:23838 56,57 285/0.9
R dibenzothiopherfe
Naphthop,3-b]- i .
thiophorie 3 14 250; 233 335; 350
223/2.2: 235/2.9:
O O Be”fﬁ!m%aﬂ:ggx'l' 4 18 265/5.4 257/4.5;294/1.0;
P 308/1.4; 321/1.6
245/4.8; 267/2.5:
Benzo[blnaphtho1.2= 44 254/5.4 276/4.2; 292/1.5;
d]-thiophend 203/18

OO O Benzolbjnaphtho,3  , ;o  245/5.8,265/50; 211/1.6;288/3.0;
d]-thiophend 275/9.3 268/4.8; 282/3.2

a) Aromatic systems with bridged methylene groupsdgnoted by Y2; e.g. those with conjugated ddutaels.
Experimental findings also suggest that their “ataity” is between two aromatic ring classes. bdlad
Absorption Coefficient [maél cmi* 10%. ¢) UV Atlas of Organic Compounds, Weinheim, Bariorks, London
1962. d) Spectral Atlas of Polycyclic Aromatic Carapds, D. Reidel publishing company, Dordrecht,t8as
Lancaster, 1985. e) Own measurements. f) SchuendrCiporin, L., J. Org. Chem. (1958)2), p. 209-211.

A general tendency exists among PAHs of a shift of the mdysorption maxima
towards higher wavelengths with increasing number of fused ringsmékkana of UV
absorption for benzolog PAHs are: (2-rings) 225 < (3-rings) 246 and 252irg&) 238,
273 and 335 nm. This tendency is more or less unaltered for alkylatetirgsu®iode
array detectors consequently have been used to identify the arostraktures in
petroleum samples [19, 101] or coal liquefaction products [102]. However, thanda
Table V-A reveal that the identification of PACs is complidaby the presence of PASH.
The absorption maxima of PASHs are not as simply correlateldetmumber of fused
aromatic rings. BT has a side absorption maximum at higher vtk than the
absorption maximum of its three-ring benzolog DBT. The influencero€tsiral isomers
has an additional influence on the UV absorbance. Bbmaghtho[2,1d]thiophene
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exhibits a maximum absorbance at 254 nm similar to benzothiophene, bsbnitsr
benzop]naphtho[2,3d]thiophene absorbs at 275 nm.

Identification is further complicated or even impossible if sevardnown analytes
co-elute. Nevertheless UV spectroscopy allows a check of the dognaahic separation

and is therefore used for online HPLC detection in this thesis.

1.2 UV Spectroscopy of the Aromatics Contained in éed and Effluent Vacuum
Residue Fractions

The UV spectra of a) untreated and b) partially desulfurized vacesiciue aromatics
dissolved in cyclohexane (CH) are displayed in Figure V-1. Witbreate to the data
listed in Table V-A, some general information might be deduced afageestructure

characteristics.

a) b)

250 300 350 400 450 500 550 nm 250 300 350 400 450 500 550 nm
Figure V-1. UV spectra of a) feed and b) effluent fraction. Hanples were

dissolved in cyclohexane.

The main absorbance is from 235 to 240 nm, which voalgree with
dibenzothiophenes. Both spectra also show a flankiegimum, a) quite distinct at
slightly below 270 nm which agrees with benzothiope but as well with chrysenes, and
b) less pronounced at 280 nm. Absorbance is detectgbto ~360 nm for both spectra
which excludes many structures with five or moradensed aromatic rings, which still
absorb UV light at 385 nm and longer wavelengths.

The main absorbance ranges from 235 to 240 nm, whagrees with
dibenzothiophenes or thiophenes. Both spectra Ao a flanking maximum, Figure V-1
a) quite distinct at 270 nm. This also matches withdbsorption of benzothiophenes, but
as well with that of chrysenes. The UV spectrum)istibws a less pronounced shoulder at
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280 nm. Absorbance extends up to ~360 nm for bothtrspeo most structures containing
five or more condensed aromatic rings. The distomcthetween PASHs and PAHs from

the UV spectra of not further chromatographically simgdifsamples is impossible.

1.3 Matrix Assisted Laser Desorption lonization Tine of Flight Mass Spectrometry
(MALDI-TOF-MS) as Off Line Mass Selective Detector

From the UV data discussed in the previous chaptessobvious that additional and
more sophisticated means of detection must beedilto support UV spectroscopy. Mass
spectrometric detection can offer supplementaryrinition about the sample, but
considering the complexity of the samples, simgiificn by chromatographic fractionation
and an ionization technique providing unfragmentemecular ions are highly favorable.
In this thesis Matrix assisted laser desorptioniangzation (MALDI) was applied for soft
ionization of aromatic species and was thereforedu® support the chromatographic
system as an off line detection system. Chapter Yl157 deals in detail with the
instrumental setup of a MALDI-TOF-MS and its use fioe investigation of aromatics in

heavy fractions and the interpretation of the resultingsrapsctra.

2  Charge Transfer Chromatography

Formation of molecular complexes by associationamdmatic compounds is well
documented [40-49]. It is known that polynitroaroimatompounds form more or less
stable complexes with aromatic hydrocarbons. Hezkarge transfer interactions between
electron richreelectron pair donor€EfPD) and electron pair acceptoisRA) are involved.
Based on this interactions, Godlewicz [103] usedtribenzene deposited on silica as
EPA to isolate aromatic fractions from lubricationsobby liquid chromatography. Picric
acid and picric ether, 2,4,6-trinitrobenzene, 2,4, 7#tofluorenone, and other
nitroaromatic compounds have been used depositegilica gel. Later chemically bound
stationary phases like 3-(2,4-dinitroanilino)propano  (DNAP),
tetrachlorophthalimidopropano (TCPP) and other igisdtave been used BRA stationary
phases for the separation and isolation of PAGal tquefaction products and petroleum
pitches and other fractions [40-44]. Retention wascdbed to depend on the solvent,
number ofreelectrons in the analyte aromatic system, spati@ngement of aromatic

rings (length/breadth ratio, planarity), and substits (electron donating/withdrawing)
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[104]. Molecules with isolated aromatic structures eetained similarly to the parent
structure. Biphenyl, for example elutes with monoatos. Principally, the separation
according to number of fused aromatic rings is ipdssbut the effect of alkyl substituents
must be further discussed.

2.1 Influence of Alkyl Substituents and Hetero Ators on Retention Order

The strength of a charge transfer complex employed charge transfer
chromatography depends strongly on electron dewsityie analytes’ aromatic systems.
Substituents on the aromatic system, in petroleumpkss predominantly alkyl chains,
give an inductive effect (+l) that increases thecebn density of therelectron system.
However, alkyl chains also provide steric hindranod hence reduce the strength of the
charge transfer complex [104, 105]. As a result theatgst increase of retention is
observed for methyl substituted PACs while longé@ins shorten retention times.
Furthermore, higher methylation increases electensitly since PAH retention is reported
to increase with the number of methyl groups [10&)mber and structure of alkyl and
naphthenic substituents therefore influence retanti an opposite way and thus limit the

predictability and applicability of the separation method

In addition to the discussed influence of alkyl stithents heteroatoms contribute to
electron density in the aromatiesystems. Stronger donor-acceptor complexes have bee
observed for heterocyclic aromatic compounds. Theyewetained longer and even
interfered with PAH elution [105]. For petroleum dtmns heteroatom content and the
bulk of alkyl substituents increase with molecwegight. As vacuum residues feature
highest sulfur content and a tremendous bulk of/latthains, a poor efficiency for
separation into ring-size classes based on aromatic saiebe expected.

However, in a comparison between various chargesfeaphases DNAP-silica [106,
107] and TCPP-silica [47] have been reported towshbe smallest influence of

substituents and have been exploited for this investigapoesented in this thesis.

2.2  Charge Transfer Chromatography of the Vacuum Reidue Sample

Aromatic nitrogen heterocycles (PANH) have beenoreg to be especially
problematic for charge transfer separations. EvemllsS’RANH can undergo strong

interactions with the stationary phase and thuseetogether with PAH and PASH
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containing a larger number of fused rings, intenfgnvith a group separation according to
the number of fused aromatic rings. However, by efgaleanalysis of the investigated
aromatic fractions no nitrogen was detected, so tiaglution of polycyclic aromatic

nitrogen heterocycles (PANH) with PAH and PASH rseemt ot be considered. The
retention behavior of alkylated PASH, however, wasadisd for some reference

compounds.

Table V-B. Stationary phases investigated for the separaifomacuum residue samples

according to aromatic parent structure.

Stationary Phase Name
NO,
H / . Dinitroanilinopro-pano (DNAP) - silica
NOZO N\/\/Si<o\sﬂlca pro-p ( )
Cl /
N\/\/S(O\sinca Tetrachlorophthal-imidopropano (TCPP) - silica
Cl
cl o
o}
- N/CH3
)\ /> Theobromine (TB)
07N N
CHs
Lo . .
H2N\/\/SI< —silica Aminopropano (AP) - silica

A DNAP stationary phase was successfully employedttie isolation of aromatics
containing three fused rings for lighter diesel arrdide oil fractions [108]. DBTs
containing up to eight carbon atoms in aliphatidesthains have been isolated from
mono-, di- and tetracyclic aromatic systems withhbigor lower numbers of aromatic
rings. DNAP-silica was the first choice used to stigate the residue sample with related
PASH structures. For this work also a TCPP bountibst@y phase was synthesized and
investigated. Theobromine (TB) deposited on silicd an aminopropano-silica were used
for comparison. The four stationary phases listedable V-B were tested for the group
separation of standard PACs. TCPP and DNAP bondeddita showed the best group

separation according to number of aromatic rings.
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2.2.1 DNAP as Stationary Phase

Retention data for some non-substituted or alkglatandard compounds are listed in
Table V-C. For methylated PACs retention stricthcading to ring-size classes is
maintained, although methylated compounds show tgligiironger retention than their

parent compounds.

Table V-C. Retention factors of PACs on DNAP-silita

Compound k Signal in
Figure V-2

Toluene 0.17 1
Naphthalene 0.55 2
1-Methylnaphthalene 0.67 2
2-Methylnaphthalene 0.67 2
1,2,3,4-Tetrahydro-

dibenzothiophene 0.79 3
Fluorene 0.87 4
Acenaphthalene 0.87 4
4-Octyldibenzothiopherfe 1.03 -
Dibenzothiophene 141 5
Anthracene 1.63 6
Phenanthrene 1.68 7
1-Methylphenanthrene 2.07 8
Fluoranthene 3.51 9
Pyrene 3.75 10
Chrysene 5.87 11
Perylené 16.92 -

a) Chromatographic parameters: 150x4.0 mm ID cojufrum,
isocratic elution with cyclohexane/dichloromethd®el (v/v). b) Na
shown in Figure V-2,

In comparison to hydrocarbons, PASHs were retaineck weakly, but were eluted in
their PAH-analog ring-size class. The two higher yiated PASHs, namely
tetrahydrodibenzothiophene and octyldibenzothioph&rere less retained than the parent
structures BT and DBT, respectively. This is in agreet with earlier studies on PAHs

and might be explained by steric hindrance causgdthe alkyl substituents. The
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chromatogram of the aromatic compounds containg¢ddarvacuum residue sample prior to

HDS is shown in Figure V-2.

3-ring
4-ring

'_\] 1-ring
7 2-ring

0 2 4 6 8 10 12 14 min

Figure V-2. Chromatogram of the aromatics of the vacuum resafter HDS on

a DNAP stationary phase. The lighter chromatogramwsharomatic standard
compounds listed in Table V-C. DNAP-Silica, 10 pum, ¥460nm ID column,

isocratic elution with cyclohexane/dichlorometha@H/DCM) 19:1 (v/v) at

1.0 mL/min, detection at 236 nm (40.1 ug AE PAC).

In the lower gray chromatogram the compounds listedable V-C are shown for
better comparison. The standards elute accordingraber of aromatic rings in agreement
with the literature [19]. The chromatogram of thecwam residue fraction shows a
partially resolved peak at a retention time rangiram 2 to 2.5 min followed by the
unresolved bulk of the sample eluting from 2.5 min in onentagignal to 10 min.

Obviously, strict separation into ring classes wad achieved for the sample.
Nonetheless UV spectra have been recorded overotlvse of the chromatogram and are
presented in Figure V-3. They show a weak tendeheyamntinuous shift towards higher
absorption wavelengths with longer retention timée Tirst UV spectrum taken after

2.24 min shows the maximum at shortest wavelengthS (@ 220 nm) that allows the
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conclusion of isolated or two fused aromatic ribgig the major moieties present at that
time. In a time interval ranging from 2.5 to 3 mirsitine absorption maximum of the
eluted main bulk is from 225 to 237 nm indicating that tiaglene, benzothiophene and/or
dibenzothiophene structures might be present. Malsorption bands at 260 to 265 nm
and an even lesser one at ~285 nm agree with thismuion. Considering the elution
behavior of octyldibenzothiophene (RT: 3.02min) evehigher alkylated
dibenzothiophenes are assumed to be present irsaimple. After three minutes the
absorption slowly fades with a very weak shift tos& higher wavelengths and an

absorption maximum at 335 nm.

3 4 5 6 7 8 9 min
Figure V-3. UV spectra over the course of the vacuum residuepke’s main

bulk shown in Figure V-2. The arrows in the sectidthe chromatogram indicate
the time when the corresponding spectra were recorded.
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This shift of the maxima may correspond roughlamoincrease in number of aromatic
rings. Large amounts of structures with four or mdéused rings can be excluded.
However, as the spectral data for a great numbeant structures fit the obtained UV
data, no additional conclusion on the nature of the paremtstes can be drawn.

2.2.2 TCPP-Silica Used as Stationary Phase

Retention data for standard compounds on TCPP bstatwnary phase are given in
Table V-D. Similar to the “separation” on the DNARgse parent compounds and
standards with low degree of alkylation elute idesrof aromatic rings in agreement with
literature findings [47]. The residue samples wented without distinct class separation,
although three standard analytical size columnsewsEmsecutively coupled for better
performance. Figure V-4 displays the chromatograihieenl and effluent of a partial HDS
process, yet no distinct difference between botlctivas can be observed. Both
chromatograms feature a sharp peak at the begin(RI1g 5.6 min) which is not
completely resolved from the main bulk of the samilat is eluted in one tailing peak

from 6.0 to ~25 min.

Table V-D. Retention da for the TCP

stationary phasé

Compound k
Toluene 0.17
Benzothiophene 1.31
1,2,3,4-Tetrahydrodibenzo-

thiophene 3.06
Dibenzothiophene 7.60
Phenanthrene 11.52

a) Chromatographic parameters: 120x#r@ D,
10pm, isocratic elution wit
cyclohexanedichloromethane 19:1 (Viv)
0.5 mL/min.
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b

Figure V-4. UV chromatograms of aromatic compounds a) of texl f(upper)

35 min

o
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o
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and b) effluent (lower) on three serially coupledPIP columns. 3 x 125x4.6 mm
ID, 10um, detection at 236 nm, isocratic elution with.8 L

cyclohexane/isopropanol 7:3 (v/v).

The UV spectra (not shown) are indistinguishabtanfrthose obtained before when

DNAP-silica was used as stationary phase and thus lead sartteeconclusions.

Summary

Four stationary phases, with electron pair donatopgrties, that have been applied in
the literature for chromatographic workup of hegpgtroleum fractions or for the
separation of PACs have been selected. The influeihalkxyl substitution on retention has
been investigated by the use of standard PAHs &®8HB. Standard compounds showed
best group separation on the TCPP and DNAP bontstrsary phases. These two
stationary phases have been tested for their depaebility of vacuum residue aromatics.
LEC fractions 1 and 2 of the vacuum residue samglesanalyzed. The influence of alkyl
chains in the residue samples, as discussed abopm\en to clearly dominate over the
desired selectivity in case of both investigatestiehary phases. A separation of these
complex samples according to the parent structsrast possible. Based on this, one can
conclude that charge transfer chromatography cacmmé with the complex composition
of the investigated samples and does not yield well defuedractions
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3  Reversed Phase Partition Chromatography

The investigated monomeric octadecyl (ODS) statipménase has a high selectivity
towards alkyl substitution. Solubility in polar selms of the aromatic matter of the
vacuum residues is poor. The investigated fractmmdd not be fully dissolved and the
insoluble part could neither be dissolved in fresivent, or by heating (35 °C) nor by
ultrasonication (30 min). Studies on the solubivtyth DBT revealed a solubility of
~100 ng DBT per pL acetonitrile (ACN) that signifintly exceeds the solubility of DBT in
distilled water and methanol. Those solvents areefbee regarded as unpractical for the
desired semi-preparative chromatography. Using A€Nabile phase, mixtures of DBTs
containing various numbers of ethyl substituentsl anethylated DBT were easily
separated.

When the soluble parts of the residue samples tested on the ODS column it turned
out they eluted without the slightest UV observabdparation. The selectivity towards
alkylation seems to counterbalance the separatmording to the parent aromatic
structures. Another explanation can be seen intheber of isomers present in the sample
being too high for reversed phase chromatograpsolution. For this reason, mixtures
containing various aromatic parent structures Wwehvy alkylation could not be separated

by reversed phase partition chromatography.

Summary
Serious drawbacks for reversed phase fractionatiomacuum residues have been
found in this work: the solubility of the samplenltis the applicability, and additionally
interfere the selectivities towards alkyl substitise and towards parent structures.
Therefore prior to application of reversed modegasation according to parent structures
should be achieved to utilize the influence of bigsoups in a second step for further

chromatographic simplification.
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4  Ligand Exchange Chromatography

A larger number of parent systems must be expeutezhg PASHs than among PAHs
since the sulfur atom introduces an element of asstry into the molecule [109]. The
presence of a sulfur atom can be exploited withheoroatographic phase of suitable

selectivity. Previous studies found that some

i sulfur aromatics are retained on a stationary phase

Pd\ containing palladium ions in normal-phase liquid
\Si/\/\ chromatography [110]. This principle was
O/ \ H improved using a bonded stationary phase which
Silica prevents slow loss (“bleeding”) of the Pd-metal

Figure V-5. The complex Pd(ll)- center by complexation with silica-bonded 2-

ACDA bonded to silica as
stationary phase in LEG?

aminocyclopentene-1-dithiocarboxylic acid

(ACDA) depicted in Figure V-5 [111]. Using gas

chromatography with a sulfur-selective detector it
has been shown previously that this method carppbea to the aromatic compounds in

low boiling materials like diesel fuel. They are qaetely separated into a fraction 1

which only contains hydrocarbons and, after an esman eluent polarity, a fraction 2 that
only contains PASHs [112-114].

Therefore, after the isolation of a fraction conitagnthe non-polar polycyclic aromatic
compounds, the next important step in the strategyifalyzing organic sulfur species in

fossil material is further fractionation on a stationarggghcontaining Pd(ll) ions [112].

When this ligand exchange chromatography (LECtifvaating step was employed for
separating the much larger aromatics in the vactasilue two distinct peaks were clearly
distinguishable in the chromatograms a) of the faed b) of the effluent presented in
Figure V-6. In the insets c) and d) the black lihewgs the UV spectra of fraction 1 and the
gray line that of fraction 2. Those two fractionstloé feed and those of the effluent do not
differ in their UV absorbance spectra. The main dimace ranges from 235 to 240 nm

with a shoulder at 275 nm.

10 Andersson, J.T., Schade, T. , and Muller, H., ¥stuss of Papers of the American Chemical Soci€922224: p. U574-
U575.
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Figure V-6. Ligand Exchange Chromatogram of a) Aromatics efffeed and b)
Aromatics of the Effluent on Pd(ll)-ACDA-Silica, 126.6 mm ID, 10 pm 100 A,
cyclohexane/dichloromethane 7:3 (v/v), from™1Bin add. 0.5 %v isopropanol,
detection at 236 nm. The insets show the UV spedtfactions 1 and 2 c) feed
and d) effluent.

When these two fractions were investigated sedgrétevas found that the strict

separation of sulfur species from pure aromatiadgarbons had not been achieved. Total

sulfur determination with inductively coupled plasmptical emission spectroscopy (ICP-

OES) showed similar sulfur contents in both fratsiof the effluent: 2.0 %wt sulfur in

fraction 1 and 2.8 %wt for fraction 2. For detailstioé procedure see also Appendix 1X3,
p. 119.
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In a separate stutlyit was found that some sulfur compounds, e.g. thos&ining an
isolated or terminal thiophenic ring, are not stitgngtained by the Pd(Il)-ACDA complex
and therefore can be separated from PASHs. Thosseslaf non- retained sulfur species
includes indenothiophenes, diindenothiophene andniylthiophenes, which can now be
analyzed separately from PASHs. This fact will dyeaupport interpretation of the

accurate mass data described in Chapter VI-4, p.84.

5 Gel Permeation Chromatography

In gel permeation chromatography (GPC) retentionanélytes supposedly occurs
according to their size or, more precisely, to thgurodynamic volume, which is usually
the desired criteria of retention. For molecules IlEmghan a few hundred Dalton, shape
has an impact on retention as well. A material comgnased for the stationary phase is
highly porous polystyrene-divinylbenzene (PSDVB)alymer with aromatic structures
that can act as electron pair acceptors or donf8aislt is known that in weakly solvating
solvents aromatic compounds can undergo electrooreacceptor interactions with the
gel leading to mixed retention mechanisms and tbe¥ea less clear-cut elution sequence
[38]. This EPA-EPD interaction has some similarity to charge transferomatography
described above in chapter V1.3 and has been deddob PAHs [115] and PASHSs [108].
In the diploma thesis of the author GPC was ex@ibiising weakly solvating solvent for
the chromatographic separation of alkylated dib#mnaphenes containing up to 20 carbon

atoms in crude and diesel oil samples [108].

51 Influence of the Mobile Phase Composition

In preliminary experiments the influence of the m®lphase composition on retention
of aromatic compounds was investigated using twb gelutes of comparable size but of
different degree of aromaticity, namely dibenzothiepe and 1,2,3,4-
tetrahydrodibenzothiophene, containing three and dvamnatic rings, respectively [108].
Figure V-7 shows the retention data of the testethppunds as a function of the
percentage of tetrahydrofuran (THF) in cyclohexane (Cld)l @s the mobile phase.

1 Unpublished results, K. Sripada. T. Schade, 200dersity of Miinster.
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Figure V-7. GPC retention time of dibenzothiophene and 1,2,3,4-
tetrahydrodibenzothiophene depending on solvent stigfgt

Using the strongly solvating solvent tetrahydrofucgclohexane 85:15(v/v), the
retention times of the two solutes were identidalld@ min with peak widths of 15 s.
However, with pure cyclohexane the retention timésrméd considerably and were 39 and
68 min, showing the much stronger interaction ofrtit@e extendedrelectron system of
dibenzothiophene with the stationary phase. Thentiete volume can become larger than
the volume of total permeation due to such intéwast However, the peak width reduces
the performance of the system drastically since fean 15 % (v/v) tetrahydrofuran causes
very broad peaks (elution times up to 15 min). Thst besolution was achieved with
approximately 15 % (v/v) tetrahydrofuran in the melphase [108]. The achieved large
differences in retention times were exploited for best possible separation of compounds

of similar size, according to their degree of aromaticity.

5.2 Influence of Tempeesture

The existence of more than one single retention ar@sm responsible for a separation

can be identified by plotting the logarithm of tretention factor k) against the inverse

12 50urce: Miiller, H. Diploma Thesis, Miinster, Gergmatov. 2000.
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temperature. In the so-called van't Hoff plot theiiégrium constantKeg) is replaced bk
divided by phase ratigd. AG®° = -RT In Keqwith K = k/is transformed into:
AG" 1

Ink =- (eq. 2))

The plot appears as a straight line if separagdmased on a single mechanism, while a
changing slope indicates competing retention mdasha) which differ in temperature
dependency. GPC retention of dibenzothiophene waBest at 0, 25, and 45 °C using a
weak and a strong solvating mobile phase. FiguresWi€dvs the corresponding plots that

display a bent line for both compounds with temperaturetiani.

1,6

1,4

1,2+

In k

0,4

3,14E-03 3,36E-03 1/T [K-1] 3,66E-03

Figure V-8. Van't Hoff plot of PASH retention in GPC with 15/8v/v) THF/CH.
(o) refers to DBT andu() to THDBT.

These data strengthen the assumption that separati@sed on the superimposition of
more than one retention mechanism in GPC of PASM& mechanisms, the retention
according to size and the interaction between aticnamalytes and the stationary phase
were addressed by investigating the preparatioffiraitions with a narrow molecular
weight distribution, Chapter 5.4, p. 50.

53 Chromatographic Workflow

In this thesis the aromatic fractions of the vacuesidues were first separated by LEC
as described above. The PASH containing fractions 2aihighly complex sample

containing several thousand compounds as can leisdbe mass spectra (Chapter VI,
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p. 61). Since a number of isomers hide behind eacdtt exass, a tremendous multitude of
individual compounds must be expected even fornédfisubclasses of a petroleum
sample. If any kind of useful information is sought the aromatic compounds, an
additional simplification of the sample is highlggirable. In this chapter the simplification
of the fraction of aromatic compounds by GPC aned BASH fraction by LEC for

subsequent mass spectrometric studies is describedcheme of the consecutive

separation steps is illustrated in Figure V-9.
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v v vy ) |

MALDI-TOF-MS Analysis

Figure V-9. Scheme of the chromatographic fractionation befonass

spectrometric analysis of the vacuum residue samples &eeld effluent”.

Furthermore, the influence of solvent strength om thromatographic behavior of
PASHs on a GPC column was investigated by variatiothe composition of the mobile
phase. Different retention mechanisms were investijdor their use in achieving

fractions with a narrow mass range.
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54 GPC of the Vacuum Residue Sample to Produce F#gons with Narrow Mass

Distribution

MALDI-TOF mass spectra revealed the complexity bé tresidue samples and
determined the contained components mass rang800ta31000 m/z. Therefore the aim
was a simplification of the sample into well definsub classes by chromatographic
methods. Size exclusion chromatography was testetkérins of its ability to further
fractionate the vacuum residues aromatic fractione subclasses with narrow mass
distribution to enable consecutive chromatogragheps and to simplify subsequent mass

spectrometric analysis.

First the elution time range of the residue samplas tested. The corresponding gel
permeation chromatograms are shown in Figure V-1Gtida times vary with solvent
strength. Elution with 85 % (v/v) tetrahydrofuran ok between 7 and 20 min, shown in
b), which corresponds to the expected elution winddwpartially permeating molecules

between excluded moieties and totally permeating solvelgaules.
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Figure V-10. Comparison between gel permeation chromatograntteototal
aromatic fraction of the effluent a) with weaklyhsting solvent: CH/THF
17:3 (v/v) and b) with strongly solvating solventHOHF 1:10 (v/v). (8)

indicates the retention time of CHNT. GPC 600x4.6 nilp PSDVB, 5 um
100 A, flow rate: 1.0 mL/min, detection: 236 nm.
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Using a weaker solvent with 15 % (v/v) tetrahydrafur shown in a), elution was
observed after 20 min up to 26 min. This means thatioal occurs after the solvent
molecules and indicates an adsorption phenomenmilasito the one of aromatic
compounds in lighter fractions [108].

In this thesis both modes of operation were ingestid to obtain fractions with narrow
mass range. The following procedures were emplogeddcuum residue analysis by GPC

and preparation for MS analysis:

Fractions were cut manually every 20 seconds ircéise of stronger solvent as mobile
phase and every 60 seconds when a weaker solventusea. Following the fractionation
the solvent was removed with dry nitrogen. Prepamatf the samples for MALDI MS
analysis was dissolution in cyclohexane, mixing withatrix compounds (e.g.
dihydrobenzoic acid (DHB)) and co-crystallizatiog bvaporation on a MALDI target
plate.

The mass spectra of the collected matter in aesifigttion were found to show weak
intensities after only one GPC separation. Signalhigh masses at the end of the
molecular weight distribution fade into the backgrd noise. Therefore the estimation of
the highest molecular weights present in the resisamples is difficult, especially for
mass spectra obtained from later eluting fractiith low sample mass. For that reason
GPC fractions were collected by several repeatpdragons to accumulate sample matter
in amounts that were detectable by the subsequent mas®spdt analysis.

5.4.1 GPC with Strongly Solvating Solvent

The vacuum residue of the effluent was fractionatgeatedly on GPC using the
strong solvent. A chromatogram with fractions intkchis depicted in Figure V-11. The
MALDI-TOF mass spectrum of a representative subtiva (no. 11) is indicated in the
inset in. It contains the eluate collected from 11.83 to 12.17 mi
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MALDI-TOF-MS of Fraction 11

8 10 12 14 16 18 minin
Figure V-11. Gel permeation chromatogram of the effluent fractiE (PASH)
with strongly solvating solvent with sub-fractiospecified. The inset shows the
MALDI-TOF mass spectra of sub-fraction 11. (8) iral&s the retention time of
CHNT. GPC 600x4.6 mm ID, PSDVB, 5 um 100 A, CH/THF 3:1%)(at flow

rate: 1 mL/min, detection: 236 nm.

Even in this narrow cut mass signals over a widesmange from 400 to 800 m/z were
observed. This range distribution of about 400 Darejgresentative for all analyzed
fractions. Table V-E lists the signal mass rangeshe numbered fraction in the Figure
V-11.

Table V-E. Range of masses of LEC fraction 1E (PASH) of te#uent” after gel

permeation chromatographic fractionation (with sty solvating solvent).

Fraction No. 7 11 15 17 19
lowest mass [m/z] 550 400 350 290 260
highest mass [m/z] 1100 790 650 560 550

The tendency of earlier fractions to cover highasses, as expected for GPC, can be
seen in fraction no. 7, eluting from 10.17 to 10.50 amd covering the mass range 550 to
1100 m/z, and the later fraction no. 15, which corredpoto elution from 13.17 to
13.83 min, produced mass signals from 350 to 650 m/z iftterpretation of the

corresponding mass spectra in detail is found in ChaptempViL.
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5.4.2 GPC with a Weakly Solvating Solvent

The fractions cut from GPC with the use of a wealkent (15 % (v/v) THF in CH) are
shown in Figure V-12. The fractions have been amalyn the same way as the ones
obtained with the strong solvent and show similar wide miagsbaitions.

mVolts

1001

0 2.5 5.0 7.5 10.0 125 150 175 200 225 25(
Minutes

Figure V-12. Gel permeation chromatogram of the effluent LE&ction 1E
(PASH) with weakly solvating solvent with sub-friacts specified. (8) indicates
the retention time of CHNT. The fractions were amatyy with GPC and strong
solvent conditions as shown in Figure V-13. GPC @0®xnm ID, PSDVB, 5 um
100 A, CH/THF 17:3 (v/v) at flow rate: 1 mL/min, detection: 236.n

The aromatics contained in the vacuum residue fesé analyzed alike. Mass ranges

from compounds in the listed fractions are shown in Table V-F

Table V-F. Range of masses in MALDI-TOF-MS obtained from Li&ttion 1F and 2F of
the vacuum residue feed after gel permeation chamrephic fractionation (weakly
solvating solvent). The components eluted in tkenteon time range from 9 to 30 min.

Fraction 1F (non-PASH) 9-10 min 11-12 min 13-14 min 16-17 min
lowest mass [m/z] 750 650 500 420
highest mass [m/z] 1500 1500 1000 750

Fraction 2F (PASH) 10-11 min 11-12 min 13-14 min  -1IBmin
lowest mass [m/z] 650 650 450 370
highest mass [m/z] 1400 1300 800 650

On the whole, earlier eluting GPC fractions showighér average molecular weight
than later fractions in agreement with the sepamathechanism associated with GPC. The

range of mass signals in a single fraction is ssingly large, beind\m/z = approximately
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300 between the lowest and highest occurring mdeséater fractions and up #m/z =

750 for earlier fractions.

5.4.3  Combination of GPC with “Weakly” and “StroygBolvating Solvent

In the previous sections it was described that €I “mode”, either elution with
strongly solvating solvent by the use of high antsuof THF in the mobile phase or
elution with weak solvent containing high amountsCéi, alone could not achieve the
desired fractionation. Since at least two mechanmwee assumed to be responsible for
the retention of aromatic compounds the effect cbmbination of both GPC modes was
tested. First, fractionation was performed with wegaddlvating mobile phase and then
those fractions, which had been obtained in the §itep, were analyzed using strong
solvent for elution. In principle, a combination @psrations according to “aromaticity”
and to molecular size should yield “sub-sub”-fran with narrow mass distributions

visible in MALDI-TOF mass spectra.

The first fractionation on GPC by a weakly solvgtsolvent is shown in Figure V-12
in the previous Chapter with four fractions (3, 5,and 9) that were used for further
analysis with strong solvent. The result of thatoselcdimension chromatography step is

illustrated in Figure V-13.
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Figure V-13. UV chromatograms of the second chromatographiedsion with

strongly solvating mobile phase of sub-fractionsaoted by GPC with a weak
mobile phase. Signals at 16.0, 16.5, and 18.3 min haea bbserved with
injections of CH as well and should therefore netditributed to the residue

sample.

The chromatograms of the second dimension shovwowapeaks of about 2 minutes
width eluting in the range from 7.5 to 12.5 min. Tb@n be interpreted as a comparable
selectivity in both separation steps. The first siepuld retain molecules according to their
aromaticity and the second one according to analyte (and shape). Additionally, the
mass spectrum of the fractions after the second &Rp@ration step confirms again wide

mass range from over several hundred m/z.

6 Summary of Liquid Chromatography Applied on High Molecular
Weight Aromatics

Due to the enormous number of molecules in vacuwsidue samples a
chromatographic isolation of single compounds garded as impossible. Therefore, at
least a chromatographic fractionation of these $asnpto chemically well-defined groups



56 Liquid Chromatography of Vacuum Residues

is desired on which subsequent mass spectrometugsis can be based. Existing distinct
features in the aromatic fraction include the numdfesulfur atoms and the number and
structure of fused aromatic rings. Several diffe@mbmatographic stationary phases have
been tested and evaluated for their applicability this task. Charge transfer
chromatography is regarded as a valuable toolHeranalysis of petroleum samples [48,
105]. Four stationary phases established in theatiiee for ring size analysis in petroleum
fractions have been tested in this thesis for thg size separation of vacuum residue
aromatics. GPC, a method that has been widely usdtefwviest fraction analysis, e.g. for
the molecular weight distribution of asphaltenes akso been successfully employed in
preliminary studies [108] for the isolation of PAS¥ith up to eight carbon atoms in side
chains. GPC has been intensively investigated wéspect to two different solvent
mixtures providing complementary retention mechasis Furthermore, LEC on a
stationary phase containing complexated Pd(ll)d&esn routinely applied in our group for
the isolation of PASHSs in crude oils and transpgmtafuels. The vast majority of sulfur
compounds in the latter are PASHSs, therefore a gatimé isolation of OSC has been
reported for such lighter petroleum fractions [1Ije same stationary phase was applied
in this thesis on the much heavier vacuum residuapges than the fractions analyzed in

the literature.

One can conclude that all chromatographic appr@&abhbeed on separations according
to molecular size or to carbon skeleton structarediue to the sheer number of isomers in
the sample and result in unresolved bulk elutione Dinly clear-cut fractionation was

obtained by the chromatographic approach based on th¢ éad{inn.

In contrast to experiments performed on lightecticms not all sulfur species are
isolated from hydrocarbons in this work. Some suléinuctures elute together with
hydrocarbons in the first (non-PASH) fraction. Highalkylated PASHs (CHNT,
OctylDBT) were shown to be retained and elute smngbcond (PASH) fraction, indicating
that even PASHSs containing huge alkyl substitueais be separated from non-PASHSs.
This facilitates the distinction between differentfur species in this thesis. Structures that
contain thiophene rings (non-PASH) can be isoldteth such OSC containing higher
condensed thiophenes (PASH). This differentiatioa isluable tool in the interpretation

of mass spectrometric results, which will be described iméxétwo chapters.
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VI MASS SPECTROMETRY OF VACUUM RESIDUES

Mass spectrometry (MS) is based on physical teci@sidpy which ions are separated
and measured. Therefore the analytes have to bgethdrefore the separation occurs,
usually according to ion mass to charge ratio. Afieparation in the mass analyzer the
ions are collected by a detector that convertseatient into an electronic signal. From its
early beginnings in 1889 mass spectrometry was applied for many years byljew
specialists using self-constructed instruments. &ithe first commercial spectrometers
were available in the 1950s the application of technique has become widely spread and
is nowadays a frequently used instrument for nuoseamalytical tasks. Various forms of
MS and combinations with separation techniques dikematography or electrophoresis
exist and make mass spectrometry an analytical abatqual significance to nuclear

magnetic resonance spectroscopy and chromatography.

1  Matrix Assisted Laser Desorption and lonization MALDI)

For MALDI, like for other laser ionization (LIMS) thniques, a laser pulse is used to
ionize the sample constituents. Herein, the anab/tambedded in a matrix fixed on a
target. The matrix consists of organic aromatic maks with a chromophore, e.g.
hydroxy or carboxylic groups that readily absoxhtiat the laser wavelength. Frequently
used matrix materials are e.g. cinnamic acid, traf&{2-t-butylphenyl)-2-methyl-2-
propenylidene]malononitrile (DNHB) or 2,4-dihydroxgiiizoic acid (DHB). To enable
crystallization it is necessary that the matrixuged in excess (1000 fold). A laser pulse
(usually a nitrogen laser, e.g. at wavelength = 337 alnlgtes the matrix and vaporizes
even large analyte molecules into the gas phaseesBxthermal energy of the matrix
ionizes the analytes so that they can be extractieda mass spectrometer. The exact
details of the desorption and ionization of anaytey the matrix is not yet fully
understood. A number of chemical and physical payjgwaave been suggested for

MALDI ion formation, e.g. gas-phase photoionization,n-raolecule reactions,

131n 1889 E. Golstein discovered cathode rays a lmépositively charged ions.
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disproportionation, excited-state proton transfeergy pooling, thermal ionization, and
desorption of preformed ions [116, 117]. Neverthetbssresulting ionization is very soft.
This allows the determination of the molecular veigf huge, fragile molecules with
more than 1,000 kDa (polymers, biomolecules, complerezymes), routinely 5 to
100 kDa, depending on the mass analyzer. Especiafjg @and also nonpolar molecules

are easily ionized by MALDI.

11 Time of Flight (TOF) Mass Analyzer

Time of flight (TOF) mass spectrometers are widedgd for mass separations. These
instruments make use of the fact that ions of dBfie mass to charge ratio, but of the same
initial translational energy, require different tisn traverse a fixed distance in a field free
region. A well-defined starting point in time, spaaad velocity for the ions entering the
analyzer is therefore desired. Generally, TOF anedyaee combined with pulsed ion
sources (like MALDI) or the ions need to be gatatbi“packages” if continuous ion
sources are combined with a TOF mass analyzer. Jyrcase are the previously charged
analytes accelerated by application of a short,ngtrelectric field of 4 to 35 kV.
Separation occurs in an evacuated drift tube of®4 m length. Measurand is the time of
flight (between 1 and 100 ps).

m
t=A|— (eq. 3.)
z
with:
t. time
m: ion mass
z ion charge
A: instrument parameters incorporating length of thédt tube, acceleration
voltage

Usually the ions are reflected at the end of th# tirtbe to compensate for slightly
varying initial translational energy and startingne. The reflectron consists of a set of
rings or grids on which high voltage forms an eiectield where ions are accelerated in
opposite direction back through the drift tube to¥gathe detector. lons are focused
because faster ions enter the reflectron a littlepeér than slower ones, so that the longer

distance travelled compensates for their higheoorsl. Further benefits of the reflectron
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are the loss of neutral particles (improved sigimalnoise ratio) and the increase in
separation length (higher resolution). This setimpaal for the parallel analysis of ions of a
mass range within 6-7 orders of magnitude from &0t®10 MDa. Figure VI-1 illustrates

the common combination of a MALDI-TOF instrument.

Template UV-LASER irradiation
(matrix and analyte)

Drift region
L1 H Detection

%

< L >

Acceleration
region

Figure VI-1. Combination of MALDI source with a time of fligff OF) mass

analyzer.

For complex mixtures it is highly desirable to ogjgnerate signals of unfragmented
ions. As discussed above, MALDI is a suitable ionaratprocedure and widely used.
Accordingly, several measurements of standard cong®and residue fractions presented

in this thesis have been done using this instrument.

2 MALDI-TOF-MS of the Complete Vacuum Residues Aronatic

Fraction

The MALDI-TOF-MS of the total aromatic fractions ifhout group separation into
fraction 1 (non-PASH) and 2 (PASH) displays sigrfalsmasses from approximately 270
to above 1000 m/z as demonstrated in Figure VI-2ndgJ&-octyldibenzothiophene and
cholestano[2,3]-5,6,7,8-tetrahydronaphtho[2dlthiophene (CHNT; @Hs,S), it has
been confirmed that no fragmentation of alkylateth2m- and dibenzothiophenes occurs
under MALDI conditions, so one can conclude thataksses in the mass range mentioned

represent the molar mass of compounds present in the sample.

The five signals between 200 and 250 m/z origifiaa matrix compounds. Signals

originating from the effluent of the residue samate observable at every mass between
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300 up to ~1000 m/z, with signals at odd masses bawislightly higher intensity than
those at even masses. Similar mass ranges havebsemwed by use of MALDI-TOF-MS
for the vacuum residue feed and effluent of the Hd&cess, both spectra of feed (not

shown) and effluent lack distinct features except the naagger

100 200 300 400 500 600 700 800 900 @ 1000 1100 m/z

Figure VI-2. MALID TOF-MS of the total aromatic fraction of theffluent.
Matrix was DCTB.

A detail of this mass spectrum is shown in Figute3\a) for the mass segment from
650 to 660 m/z. It is striking that the odd massesabundantly present throughout the

mass range, and their intensity increases with m/z.
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Figure VI-3. a) Detail of the mass range 650 to 660 Da of th&LM-TOF
spectrum shown above in Figure VI-2. On the righthle) MALDI-TOF spectrum

of CHNT (Gs7Hs4S) as reference compound.

Since nitrogen compounds are removed in the workfufhe sample, resulting in a
nitrogen content of <0.05 % (elemental analysis),agyat odd masses can be explained
to a certain extent by the isotopic abundancé®cf However, the odd masses are still
somewhat more abundant than calculated from theepoe of this isotope. The calculated
intensity for the [M+1]-signal of a molecule comtizmg 35 carbon atoms is 38 %, but the
observed intensity is higher than 50 %. This is ireagent with the results for CHNT

shown in the mass spectrum in b).

3  MALDI-TOF-MS of Chromatographically Cut Fractions

Chromatographic workup steps using LEC and GPC baeea exploited in detail. This
has been described in Chapter V: “Liquid Chromatphgy of Vacuum Residues”, and now
the achieved improvements in the mass spectra nglstairom chromatographic sub-

fractions shall be discussed.

3.1 MALDI-TOF-MS of GPC Fractions Obtained with Weak Solvent

One major goal was a distinctive reduction of thessnrange distribution in the sub-
fractions through gel permeation chromatographydéscribed in Chapter V5 (p. 46), this

could not be achieved. The mass ranges in individulifractions of the LEC fraction of
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the vacuum residue feed, cut with GPC using weallyasing solvent, are also broad as
can be seen from the data in Table V-F. A corresippgnflALDI-TOF mass spectrum of

the fraction cut from 14.5 to 15 min. is shown below in Figurd VI-

Although signals still cover masses over a widegeam the spectrum depicted in
Figure VI-4, one can see that a certain structunegbeen achieved by GPC fractionation.
A distinctive pattern can be observed as signall high intensity appearing at 12 or 14
mass unit intervals up to ~700 m/z. A mass differesfc®4 units can be explained by the
presence of homologous series, involving the additdd a methylene group to the
molecule. A mass difference of 12 can occur throagghtion of a methylene group and at
the same time formation of a ring in the molecuésuiting in a net addition of only one

carbon atom.
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Figure VI-4. MALDI-TOF-MS of a GPC sub fra t from 14.5 16 min
(with strongly solvating solvent) of the PASHs béteffluent. Signals that share
masses with the series of alkylated DBTs are indetcavith the corresponding
number of alkyl carbon atoms. Matrix was DCTB.

In the mass spectrum depicted in Figure VI-4, magsats that share masses with
protonated alkylated DBTSs are labeled with the number dbcaatoms in alkyl groups.
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The identification of various homologous seriesMALDI-TOF-MS spectra is based
on nominal mass (NM) of the signals. The NM is tlkaat mass rounded to the nearest
integer. A distinction between PASHs and PAHSs isalear-cut. The occurrence of other
hetero atomic species is unlikely but cannot be pietaly excluded from the elemental
analysis. The differentiation between series is issgme from the data given if species of
two series share nominal masses or their massespaced apart by multiples of 14 mass
units. Indenylthiophene (172 NM) and indanylthioph€R00 NM) differ by 28 mass units,
therefore homologues from both series with molacwieight of 200 NM or higher cannot
be distinguished based on MS data. The same proale®s between PASH and PAH
series as well, as PAHs with identical NMs to PASHSNnot be excluded. Table VI-A lists

some examples for PASHs and PAHSs that share the same NM.

Table VI-A. Parent structures for homologue series of PASHK$ RAHS, which are

indistiguishable by nominal mass resolution masstspmetry.

PASH NM (PASH) NM (PAH) PAH Structure
Benzothiophene 134 134 butylbenzene ©\
C4H9
C4Hg

Dibenzothiophene 184 184 butylnaphthalin

Indenothiophene 172 172 hexahydrofluorenon@\—/o
Indanylthiophene 200 228 benzo[b]anthracen

hexahydrobiphenyl/
Phenylthiophene 160 160 § =<
YEnIop phenylcyclohexane

Although the hydrocarbon structures listed in & lcolumn in Table VI-A might be
present in the aromatic fraction obtained fromgletrm samples, they are not expected to

elute in fraction two of the Pd(Il) column, which was investiggl in this experiment.

3.2 MALDI-TOF-MS of GPC Fractions Obtained with Strong Solvent

The LEC fraction 2 (PASH) of the vacuum residudueffit has been fractionated in
another experiment by the use of a more stronglyasog solvent, meaning a lower

influence of the aromaticity of the analytes on thgention. A similar fractionation than
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the one previously discussed was obtained. The wliagsbutions of the obtained sub-
fractions are listed in Table V-E, p. 52. The corresioogn GPC chromatogram is shown in
Figure V-11 on p. 52.

Although a large range of masses is present imi&gs spectrum of each investigated
GPC sub-fraction, those spectra obtained from fvastby using GPC with strong solvent
appear much more structured than the previous obtsned with a weaker solvent. The
mass spectra of the sub-fraction collected betvidénand 135 min. is depicted in Figure
VI-5.

I — — T T T T T ——— T T — T
400 500 600 700 'z
Figure VI-5. MALDI-TOF-MS of fraction 11 of the GPC separatig¢rigure
V-11, p. 52) of LEC fraction 2E (PASHSs) of the effluent.

Signals at even and odd nominal masses are priesém spectrum, similarly to the
previous experiment using a weak solvent, with thedgaals at odd numbers originating
from protonated molecules containing purEig and the less intense ones at even masses
from species containing orféC. Despite the huge mass range covered by compoiments
the sub-fraction these signal groups are much mpaeounced than those observed in the
GPC fractionation obtained using weak solvent abileg@hase. Figure VI-6a) — c) depicts
segments of the mass spectra (Figure VI-5) in greddtail. Signals that share masses with
alkylated BTs and DBTs are indicated and the nunabearbon atoms in alkyl chains is
given in the Figure.



66 Mass Spectrometry of Vacuum Residues

C,,BT C,,BT C,BT  GC,BT C,BT  C,BT
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Figure VI-6. Detailed segments the spectra shown in Figure.\8i§nals that

share masses with the series of alkylated DBTsEir&l are indicated with the

corresponding number of alkyl carbon atoms. Matrix was DCTB.

Figure VI-6a) and b) expand the mass ranges frontd®00 Da and 500 to 600 Da,
respectively. Distinct signal groups spaced 12 Datapa apparent. Higher masses from
600 to 700 Da are shown in c). These signal groupseas distinct due to the increasing
probability for one®*C in heavier molecules. Additionally, there is anréase in the
number of possible isomers and the chance for hapht rings in the structures with the

size of the molecules.

One can conclude from the regular spacing of tpeasigroups that homologous series,
which feature a mass difference of 14 Da {ldre present over a wide mass range in the
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obtained sub-fractions. The distinct pattern ofnsgesignals, spaced apart by an increment
of 12 Da, is caused by different homologous serias share the same mass range. This
observed increment of 12 Da suggests that the stasciat increasing average molecular
weight feature a decrease in saturation in addttca higher number of methylene groups.
The online UV data obtained during the GPC fractan provide evidence against the
occurrence of large condensed aromatic systemsdd@d¢rease in saturation can thus either
be explained by an increasing number of naphthangs in the structures or by the

presence of additional, uncondensed aromatic rings.
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VIl HIGH RESOLUTION MASS SPECTROMETRY

Mass spectrometers with a resolution higher tha®GaD mAm are considered to be
high-resolution instruments. This high resolutioraldes the determination of elemental
compositions behind a mass signal. Although sevastiument designs are capable of
such resolution the Fourier transform spectrometkminate this field. Since it is a
relatively new technique with enormous resoluti@wpr and has a strong impact on this
work, special focus in this chapter will be on Feuriransform ion cyclotron resonance
mass spectrometry. This chapter first will give aergiew about the instrument used in
this work, starting with ionization techniques amatandly describing the mass analyzer.
Then the data processing, especially of high resesluand high accuracy spectra of
complex mixtures, and the sorting algorithm devetbfie data interpretation of vacuum

residue samples will be discussed.

1 lonization Techniques

After injection of a sample into the mass spectri@méhe analytes must be charged
prior to mass separation and detection. For iorumadi great number of mechanisms and
instrumental setups can be applied. Figure VIl-lwghthe capability and limitation of
common ionization methods. Generally, polar compouwith heteroatoms are more
readily ionized than nonpolar ones. Aromatic molesudan be classified as nonpolar, but

not to the same extent as aliphatic hydrocarbons.

In this work MALDI, atmospheric pressure chemicalnimation (APCI), and
electrospray ionization (ESI) were utilized for tlomization of aromatic molecules and
residue fractions with strong aromatic charactee €hergies used for ionization in these

techniques are weak in comparison to other ionization theaés (<< 30 electron volt).
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A

Analyte Polarity

1,000 Da 10,000 Da 100,000 Da
Molecular Weight

Figure VII-1. Comparison of the usability of atmospheric presscinemical
ionization (APCI), electrospray ionization (ESI) andatrix assisted laser
desorption ionization (MALDI) in dependance on atalpolarity and accessible

molecular weight.

Since ions produced under these conditions are gtable, fragmentation usually does
not occur. Therefore all of these techniques allo¥saft” ionization with low rate of
fragmentation of analyte molecules. Thus the rasyltnass spectra effectively feature

only molecular ions.

1.1 Electrospray lonization (ESI)

A solution of the analytes in a polar solvent likacetonitrile, methanol,
dichloromethane or an aqueous solution with suclerganic modifier is sprayed from a
fine capillary into a high voltage field. The aerbsodried in a heated capillary or heated
nitrogen gas. Evaporation removes the solvent frioencharged droplets in the aerosol.
The solvent should have a low boiling point to supphis process. The increase in
Coulomb repulsion over surface tension resultsaonl@nb explosions. Several repetitions
leave the analytes charged [78], they finally enber mass spectrometer (and vacuum
system) through a skimmer. The resulting spectiaotdr analytes with a high molecular
weight often show multiply charged [M+nH]ions. Both negative (deprotonated) and
positive (protonated) ions are formed by reversainpolarity. Usually, electrospray
ionization is the method of choice for proteins,gohucleotides or metal complexes.

However, the sample must be soluble in low boilialyents. ESI of less polar analytes is
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often improved by addition of metal ions that foctrarged complexes. PAHs and PASHs
have been analyzed by addition of silver nitra® [18] and palladium chloride [76, 81],

respectively.

1.2  Atmospheric Pressure Chemical lonization (APCI)

Atmospheric pressure chemical ionization (APCIgasnparable to ESI as the setup of
both sources is similar. A solution of the samplepolar organic solvents or water is
sprayed from a capillary with a heated sheath ghs. derosol is further heated to form
vapor. In addition to the electro-hydrodynamic sprgyprocess used in ESI, a corona
discharge needle is positioned in the vapor toteraglasma, in which proton and charge
transfer occurs. Initially, the polar solvent molesubre charged, later they react with the
less polar analytes by protonation or deprotonati@pending on the solvent, only quasi-
molecular ions like [M+H], [M+Na]" and M (in the case of aromatic compounds) are
produced. To a small amount fragmentation can happehe plasma, but unlike ESI
multiply charged ions are usually not observed. Asitde analytes are less polar
compounds and with lower molecular weight (~1,500 Dajnpared to ESI; aromatic
compounds by and large are easily ionized.

2 Mass Analyzer

After a preferably reproducible, sensitive and matimdependent ionization the
separation of the ions occurs according to theisarta charge ratio. All mass analyzers

use electric and/or magnetic fields to apply force on iormsnFr
F=ma (eq. 4.)
(Newton'’s second law)

and

F= q(flx §0’) (eq.5.)
(Lorentz’ force law)

with:
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F force applied to the ion
m mass

a acceleration

q charge

E electric field

vx B vector cross product of ion velocity and applied magnegid f

follows that ions are always separated accordinghér mass-to-charge ration/z)
rather than their mass alone. Six basic principkes loe applied for mass separation in

spectrometers;
1) magnetic and sector field separation,
2) quadrupole mass filter
3) iontrap
4) resonance in a ion cyclotron resonance cell
5) time of flight or drift
6) mass accelerator

The separators are evacuated to high*®a to 10 Pa) or ultra high vacuum (<
10° Pa). Depending on field strength and/or geometryramdber of electrical charges on
an analyte diverse mass ranges can be accessedaégcresolution, limit of detection,

accessible mass range and spectra acquisition time véaryhgitised principle and setup.

Mass resolution and resolving power for an ion @smto charge ratio m/z may be

defined as:

(eq. 6.)

(mass resolution)

Usually A(m/z) is defined as spectral peak width at half peaight for an isolated
signal, butA(m/z) can be defined as peak separatiogiZgn— (my/z;), corresponding to a

10 % valley between two signals of equal magnitude:

14 K. Cammann, Hrsg. “Instrumentelle Analytische CleénSpektrum Akademischer Verlag GmbH, Heidelb&@grmany.
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_(miz)_ (m/z) e
¥ amiz) " (mylz,)-(m/2) (6a. 7.

(mass resolution, 10 % valley, equal peak heights)

The valley definition depends not only on peak ghapdth and separation but also on

the relative heights of both peaks. Obviously tleikgng power required by equation 7 is

greater than that for equati@rfor a similar mass separation.

2.1 lon Cyclotron Resonance (ICR) Mass Spectrometer

There are two principal trapped-ion mass analyzéree-dimensional quadrupole ion
traps ("dynamic" traps) and ion cyclotron resonanm@ss spectrometers ("static" traps).
Both operate by storing ions in the trap and mdatmg the ions by using direct current
and radio frequency electric fields in a seriesaefully timed events. The static trap has
some unique properties which presently lead tchigkest reachable mass resolution. It is
a high-frequency mass spectrometer in which ionk aiselected mass/charge ratio absorb
energy through a high-frequency field perpendicular a constant magnetic field.
Maximum energy and excitation is gained by iong thatisfy the cyclotron resonance

condition. The general principle is now described.

2.1.1  Principal of Operation: ICR

The Lorentz force F (p. 70) forces ions on a circydath in a magnetic field. The
cyclotron frequency of an ion’s circular motion degs on mass to charge ratio. By

measuring the cyclotron frequency the ion’s massheadetermined. The centripetal force

2
(F = mv ) balances the Lorentz force experienced by any ion in a rade&:
r

# = quB, (eq. 8)

Solving for the angular frequenay)(leads to the fundamental ICR equation:

w:q—BO (eq. 9.
m

with

aw angular frequency
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m: ion mass

electric charge

Bo: external magnetic field

r: radius of circular ion path
v: ion velocity

Q

A group of ions of the same mass to charge ratilb mave the same cyclotron
frequency, but they will move independently out bage (at roughly thermal energies). If
an excitation pulse (a radio-frequency electritdfigerpendicular to the magnetic field) is
applied at the cyclotron frequency ions will abseriergy and their orbit increases. This
set of ions moves close to the receiver platebenl€R cell and induces detectable image
currents that can be amplified and digitized. Thgnal induced in the receiver plates
depends on the number of ions and their distara® the receiver plates. A schematic
representation of a cubic FT-ICR cell is shown below in Ei§ut-2.

2.1.2  Fourier Transform lon Cyclotron ResonancelR) Mass Spectrometer

If ions of several different masses are presenthe cell an excitation pulse that
contains components at the entire cyclotron fregesnmust be applied. The cyclotron
motion of all ions is essentially excited simultansly and coherently by using a rapid
frequency sweep ("chirp"), an "impulse" excitation a tailored waveform. The image
currents induced in the receiver plates contaigueacy components originating from all
different mass to charge ratios. The various fregesnand their relative abundances can
be calculated by using a Fourier transformation ciidonverts the time-domain data (the
image currents) to a frequency-domain spectrumthieat results in the mass spectrum (eq.
9, p. 72).

The excited cyclotron motion of the ions is subsaqly detected on receiver plates as
a time domain signal that contains all the exciwglotron frequencies. Fourier
transformation of the time domain signal resultsha frequency domain FT-ICR signal
which, on the basis of the inverse proportionaliégween frequency and mass to charge

ratio, can be converted to a mass spectrum.
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Figure VII-2. Scheme of a cubic FT-ICR cell.

As can be seen in Figure VII-2 the cubic ICR celhgists of three pairs of parallel
plates. The functions of the excitation and detegilates are evident from the above
discussion. As the magnetic field does not consi@mmotion along the direction of the
applied magnetic field, a small potential is appliedhe trapping plates to keep the ions
contained within the ICR cell. Since the measurisgnot destructive, ions can be re-
measured repeatedly and the spectra accumulatadréase the limit of detection. On the
other hand excitation events can be employed tease the kinetic energy of ions to eject
them. lons of a given mass to charge ratio are Bg&om the cell by increasing the
orbital radius until they are lost by collisions with thd eellls.

The pressure in an ICR cell should be very low toimize ion-molecule reactions,
space charge effects and collisions that dampdherent ion motion. Space charge effects
describe the interaction of ions with each otheerEthough this interaction is small, it can
be a source of systematical errors and it is cidoi@ontrol mass accuracy with internal
standards. Although super conducting magnets proyida fairly time stable mass
calibration are used, best mass accuracy is obtaimeth additionally internal calibrants

are used.



Chapter VII 75

3 High Accuracy Data Interpretation

Due to the tremendous resolution power of FT-IC&rirments of below 1 ppm, the
accuracy of measured signals is sufficiently peedcs calculate the underlying elemental
compositions [87]. lons lighter than 300 Da measwgth a precision of 1 ppm allow
determination of the molecular weight with a resoluiower than £0.3 mDa ( = mamu for
comparison: The weight of an electron is 0.549 maniljs very high resolution is
sufficient to distinguish almost any given combioatof relevant isotopes<C, *°C, *H,
19N, 1°0, 325, and®*s) [87]. Marshall et al. [86, 87] and others [93] ukigh accuracy data
for such assignments. Samples that cover higher measges, however, need special
considerations as the number of possible elemeataposition increases dramatically and
the resolution of the mass spectrometer decreasesds higher masses. This is discussed

in detail below (see p. 77).

Compounds in fossil fuel samples can contain btima of typical organic molecules
(C, H, N, O, and S) as well as metals like V, Ni or Fat in aromatic fractions the
occurrence of elements is limited to the first nmmgd group. High-resolution mass data
analysis uses the masses of the most abundampisptattern of molecular ions to identify
series of homologues in the spectra. As the moleeuteght of the sample increases, the
contribution of less abundant isotopes goes up,Adoydrocarbon with molecular weight
of approximately 300 Da has about 21 carbon atdn@nce*C isotopes have a ~1.1 %
natural abundance, approximately ¥4 of the hydrocarolecules will contain on&C
atom and therefore feature an odd nominal massa lkgdrocarbon with 46 carbon atoms
(~650 Da) about half of the molecules feature Beatom, thus even and odd masses are
of equal intensities in the mass spectra. Signals fmolecules including other isotopes,
e.g.>*S with ~4 % natural abundance are also present. Hawéwey contribute only to
signals of comparably weak intensity (about 1/25149 of the corresponding puréS
compound, if one to three sulfur atoms per moleade assumed), because unlike
hydrogen and carbon those elements appear in much smatfiberaiin a given molecule.

1521 carbons or more, depending on degree of satuiAt
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Table VII-A . Data for elements expected in the aromatic fsaaf a vacuum residue.

Element Expected number in Most abundant Less abundant Least abundant
sample isotope
Carbon 20 - 90 C98.93% “C1.07%
Hydrogen 20 - 180 'H99.985% 2D 0.015 %
Sulfur 0-5 594.93%  *S4.29% ¥50.76 %
Oxygen 0-5 %0 99.757 % ®00.205% 0 0.038 %
Nitrogen 0-5 "N 99.63% N 0.37%

Although carbon has a lesser natural abundancthédr’C isotope of only 1.1 %, the
chance for finding oné®C nucleus in a molecule is about 50 % for a molewith 45
carbon atoms. Since the investigated sample contaatescules with an average number of
carbon atoms of 40 one can expect that for at least 43@molecule’s populatioifC can
be detected. Table VII-A lists data on all isotopéshe elements expected for vacuum
residues. For the discussed reasons a generally obsexwablgaf contains:

Clex CeH2e-2NROoSs (eq. 10.)
with:

: total number of carbon atoms

: number of-*carbon isotopes

. hydrogen deficiency (type) of the elemental composition
: number of*nitrogen atoms

: number of°oxygen atoms

: number of%sulfur atoms.

w O 5 N X O

In petroleum analysis, a compound is typically cbemazed by its class and type. A
compound’s type is commonly designated by the hyeinodeficiency (Z) value, followed
by elemental symbols of heteroatoms and coeffisiehat are greater than zero (class).
The class ,PAH" or simply ,H* designates pure hyckidoons. In this way, compounds are
specified by Z and n, o and s. Homologues of a comgdype are given by the carbon
distribution number n, which stands for the numbemethylene groups (-CH) in the
formula. The presence dfC isotopes is denoted by an asterisk precedingcénieon
symbol (*C), but isotopes do not change the classtype a given formula. E.g.,

benzothiophene contain the following most abundabtopically substituted species
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12CgH6S, 1BCrCrH6?S, 12CgDHs%S, and'®CgHe>S, all being the first member of the
10S1 series. Homologues also will consist of moam tbhne isomer. For example, 10S1 n
designates benzothiophenegfeS with n(Ch)) as well as thiophenes with three rings or
double bonds in aliphatic side chaingfigS with n+4(CH) -6H) or even thioethers with
hydrogen deficiency only in hydrocarbon side chains(—$k mt8(CH) -12H).

However, Z being negative and attaining the valutorZa compound with no rings or
double bonds, this definition is inconvenient in firesent discussions and therefore the
sum of rings and double bonds is defined as double bond &qiiBE):

DE=R+DB (eq. 11.)

R:  number of rings
DB: number of double bonds

For PAHs and PASHS, the relationship between DE and Z is siDple Z/2 + 1.

As mentioned before, ICR resolving power alone issufficient to assign elemental
compositions at higher molecular masses [87]. Atelownasses established series of
homologues can be applied [2] to extend the uppessniimit for unique assignment of
elemental compositions to more than 900 Da. Membiessich series are spaced at fixed
intervals (14.01565 Da), the mass of a methylene grouphe mass spectra. Series of
surely detected types can be “filled” with homoleguFor a series designated by 10S1, for
example that extends up to 900 Da, members withoup5t methylene groups can be
assigned using this procedure, which means an etameomposition of gzHi116S is

assignable.

3.1 Kendrick Mass Scale

A visually display showing all resolved data fromeobroadband spectrum with about
800 Da mass range would have a length of about 20harefore a more compact display
containing all data is useful. Since there are matgaps in a typical mass spectrum at
values where no commonly encountered ions have @safisis possible to “slice” the
spectra into 1 Da segments [119]. These segmentsatkescaled according to their mass
defect (difference between exact and nominal massl) rotated 90°. Stacking of the
spectra segments leads to a compact pseudo twasional display where mass defect is

plotted against nominal mass. This is shown in FEguil-3. The discussed series of
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homologues appear as straight lines in such agpated at 14 units of nominal mass axis
(x) and 0.01565 on the mass defect axis (y). The 6Bk steps of the mass defect for
each homologue result from the two hydrogen atodae@ with a methylene group. These
regular intervals allow the determination of moleculass and type simultaneously over a

wide mass range within a single display.

600
500 -
400+

300

IUPAC Mass Defect

200

200 250 300 350 400 450 500 550 600
Nominal Mass

Figure VII-3. Plot of nominal mass (IUPAC scale) against mad®AC scale)

defect. Notice the straight lines, which denote mamloé same chemical class

and type.

Kendrick suggested 1963 the use of a methylene amibase of a mass scale, with
mass (CH) = 14.000000 [120]. The mass defect of a compounius directly linked to
class and type. As methylene groups do no longdribate to it, all homologues share the
same Kendrick mass defect (KMD). If KMD is plottedaast Kendrick nominal mass
(KNM) the skewed display of Figure VII-3 is conwtltinto a rectilinear display. Now
signals of compounds of different class and type smparated in horizontal lines. Those
displays are further referred to as Kendrick makdsp Kendrick mass plots of the

investigated vacuum residue aromatics are extensivalystisd in chapter VI116.3.1, p.98.

3.2  Software Aided Data Analysis

Vacuum residues are very complex mixtures with samds or even millions of

components. Even after several chromatographic gparations the fraction of aromatic
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compounds includes thousands of hydrocarbons, PAdsother heterocycles in minor
quantities. Single MALDI ICR spectra of such a fract of the investigated residue
fractions revealed about one thousand distinctatsgaach. With APCI more than 1,500
signals could be found. Obviously, for data setshi$ size manual interpretation is
cumbersome and time consuming. Present personaluterapghave sufficient calculation
power to perform elemental composition assignméntnass resolution is sufficient.
Molecular weight calculatd? is a suitable program for this task. It has custaiie
settings (like isotopes and number of possible ataeruired precision) and allows batch
computation of multiple mass signals. Conversionmass data to Kendrick mass in
combination with plotting of KMD against KNM thereveals series of homologue
compounds. Methods for data interpretation by takidgantage of homologue series and
related compound classes of such complex speardemcribed in the literature [87, 119,
121, 122], but scanty in crucial details. Thus, a meffort in this thesis was the invention
of a computer-supported procedure that reliablygassclass, type, carbon number and

elemental composition to mass signals in high-resoliiSmdata.

A three-step procedure was established for compsigported data analysis. A
scheme of the procedure developed is given in Eijil-4. The raw data were recorded
on a 7.0 Tesla APEX Ill ICR cell MS using the instent developers’ software After
spectra acquisition and calibration followed théestion of mass signals exceeding a
threshold value that excluded background noise. [i$tisf masses was exported via word
processing softwaré® and imported into an Excel® spreadsheet. In the first step

heteroatoms present in the sample were identified.

16 IT6 Molecular weight calculator version 6.25 bétédMay 20, 2003) by Matthew Monroe is freeware andessible at
http://alchemistmatt.com

1 MIDAS software. Brucker APEX Il Fourier transforion cyclotron resonance mass spectrometer (Brkéonics,
Bremen, Germany), equipped with 7 T magnet.

18 Notepad, provided as part of Windows XP, professiicelease, Microsoft.

19 Excel 2000, (9.0.2812), part of Office2000, Miwfts
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Figure VII-4. Flow diagram of the data analysis procedure deeeldfor this
work. Data are illustrated in gray hexagons, rhontisvsdecision criteria and
squares contain calculation and sorting routindsD#ta from the MIDAS
software for FT-MS controlY, ?, and® are described in the paragraphs 3.2.1 to
3.2.3.
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In the second step elemental compositions wergrassiwith strictest criteria based on
tabled KMD. Thus, series of homologues have beemledtad. In the last step gaps in the
established series have been filled based on decunass and identifications of the

previous step.

Of greatest importance for data interpretation, e@sfig for assignment of elemental
compositions based on accurate mass, is the nunilobiames on an observed ion. Only
the mass to charge ratio is detectable, thus darhihygher charged ions would appear at
half or smaller m/z and thus be wrongly assignethust be stressed here that no evidence
for ions with a charge z different from unity haveen observed as discussed in chapter

VII6.2, p. 96. For this reason a mass signal can be addressedrasgsn Dalton (Da).

3.2.1  First Step: Establishing Preliminary Elemke@@mpositions

The software molecular weight calculator (MWC) veaplied for batch assignment of
elemental compositions (for detailed procedure, IX1Er this purpose lists of the high
accuracy masses without further information (e.graigumbers or intensities) were batch
converted by MWC via Notepad documents. The regultinousands of elemental
compositions were evaluated in an Excel spreadskBéshental compositions were sorted
according to differences between measured and lagdduaccurate mass and evaluated
based on them making chemical sense. Details afgreadsheet application are given in
IX1.3, p. 114. The best fitting composition was assigmedardless of any homologue
series. Results of this first assignment step forfalr residue fractions, namely LEC
fraction 1 and 2 obtained from each of the vacuesidue aromatic compounds, before
and after hydrotreatment, are presented in Figuté\or the classes containing sulfur
and/or oxygen. In this step the presence of sultidrthe absence of nitrogen- and oxygen-
containing molecules could be shown in agreemettt elemental analysis of the whole
aromatic fraction. The amount of clusters after\dgization could be estimated as well

and is given in Table VII-F on p. 97.
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Figure VII-5. Number of members that have been preliminarilygassl by use
of “Molecular Weight Calculator” and analyzed withe Excel® spreadsheet

“MWCsort.xIs” as described in appendix IX1.

The samples shown in Figure VII-5 were derivatized mass analyzed as described
below. The distribution of heteroatoms can be cjeastimated at this point, however, the
decisions scheme of that algorithm is based saelgach single mass and results in the
elemental composition with the smallest deviatibicalculated to measured mass without
regard to homologue series present in the sampis.sithple computation of probabilities
needs to be supported by further processing. Therefiorther steps of assignment
involving the discussed patterns of homologue serisible in Kendrick mass plots were

employed.

3.2.2  Second Step: Tabled KMD to Assign Elementath@ositions

Following the test proving the absence of non-suffeteroatoms the raw data were
further examined in a self-written Excel spreadslagplication. Details of the procedure
and listings of the macros used are discussed ipeAgix IX2.1, p. 117. The IUPAC
masses were transformed into the Kendrick maseg.skkahdrick nominal mass and mass
defect were calculated and compared with tabled KMDa mass measured by FT-ICR-
MS differed by less than 0.5 mDa (Kendrick mass 3daden a tabled value a match was

considered to be possible. Then, as further evidércthis assignment, the mass of the



Chapter VII 83

parent compound of that KMDs series was subtracted the measured mass in question.
The remaining molecular weight of that mass, repr@sg solely methylene groups, must
be divisable by 14 (in Kendrick mass scale) andltes integer number (n). This carbon
distribution number n represents the number of yhetle groups and ranks the compound
in the homologue series. If more than one allocatias possible for a signal, no elemental
composition was assigned. The maximal differencenass of 0.5 mDa required for an
assignment equals a resolution of 600,000 for a ecn@deof ~300 Da weight. A compound
of ~800 Da requires a resolution of at least 1.6 Mibich is not reproducibly achievable

even with an FT-ICR instrument.
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Figure VII-6. Kendrick plot of signals originating from the mhse effluent
PASH fraction identified as compounds with one wu#dtom after a) initial class
and type assignment after the second step anddl)assignments after third step.

(*) Refers to S1 initial assignments angl {0 S1 final assignments.

For this reason gaps within the homologue seriessgident, if series are established
with this procedure. Figure VII-6 a) shows the Kecklrplot after this second step of
assignment. Only signals of identified compoundshwane sulfur atom in the PASH

fraction after ligand exchange chromatograph of the reseffluent are shown.
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Not all signals in the spectra could be assignethis step, especially at higher mass
regions gaps of unassigned signals appear. In FiglUré b) white dots mark final
assignments while filled dots represent signalsitiled in the 2° step for comparison.
Most of the gaps in the homologue series couldillzlf even in the higher mass range.

The third step assignment procedure is now described.

3.2.3  Third Step: Use of Homologue Series for EdéehAssignments

In a third step mass signals that were still urggeesd were matched up to “gaps” in the
established series of homologues. Herein, assignmastbased on differences between
measured and calculated mass for the missing comdpemaller than 3.0 mDa and
unrivaled assignment (see also 1X2.3). Assignment eassidered unrivaled when no
other competing series with more than half the remalh initially assigned members in the
competing homologue series was lying within a 3.0 mddae. This ensures that the series
established in earlier steps with stricter critesiare preferred over stochastically series
with few members. The resolution required for a couomul of approximately 900 Da
molecular weight that is to be assigned within 3.0am®about 600,000 dwn, which is

achieved with the instrument and internal calibration.

4  MALDI FT-ICR-MS Analysis of the Vacuum Residue Aromatics

The FT-ICR-MS measurements with a MALDI ionizatimerface were inadequately
calibrated, so data interpretation as described elms not possible. Nonetheless, data
could be used to demonstrate the enormous differenizsolution to the TOF instrument.
In Figure VII-7a) the mass spectrum obtained bygighe second LEC fraction of the
effluent sample is shown, with b) - d) three consigely expanded sections of this

spectrum showing the signal group at one nominal mass.

The signals in this spectrum cover a slightly serathass range than those in the
corresponding TOF spectra, which might be explaimgdhe smooth decrease of signal
intensities as they blend with background noiskigiier masses. The signals observed in
the TOF spectra at all odd and even nominal maasesesolved in the high-resolution
spectra into groups of several distinct signalsas be seen in Figure VII-7c) and d). It
must be kept in mind that MALDI generates protodatas, so that the isotopic pattern is

incremented by approximately one Da.
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Figure VII-7. a) Mass spectra generated from the raw data oéftheent LEC
fraction 2 by a FT-ICR-MS experiment using MALDI iagization interface. The
matrix was DCTB. b) - d) show consecutively expandedtisns of the mass
spectrum. The numbers in d) are for identificatiamppsses only; those signals

could not be assigned to molecules from these data.

Due to insufficient calibration the identificatioof elemental compositions is not
possible from these data, but the signal group showi) might be explained by structures
belonging to several series, e.g. 2iH;4S,, 2: GoHig, 3: GeH22S, 4: not identified, and 5:
C.13-DBT, based on the nominal mass and the first tvgptsdiof each signal. The data
presented here agree with that obtained by theuael OF-MS. Furthermore, signals that
indicate alkylated DBTs not only by NM, but as wieyl KMD, have been measured. The
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presence of hydrocarbons at equal NM masses as ®AsSHdicated by KMD values,

complicating the interpretation of the spectra measurned WMALDI as ion source.

5 APCI FT-ICR-MS Analysis of the Vacuum Residue Aranatics

The APCI experiment has been performed with the afsexternal calibration. A
method has been developed to test the achieved aw@ssacy on its value for the
assignment of elemental compositions describedhap€r VII3.2, p. 78. The Kendrick
mass plot of the whole effluent (not

derivatized) is given in Figure VII-8. KMD
Q
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Figure VII-8. Kendrick mass plot of the
effluent aromatics. The relative intensity is

smaller signals. Those have been marked by the size of the dots. APCI with

identified by the difference in KMD

between small and thick dots (~2.2 KMD) and thetioraf intensities as isotopic pairs

external calibration was used.

caused by>C in the less intense series. Three series idaiifi@xperiments using an ESI
interface  and derivatized compounds, namely BT DBTs 2, and
benzonaphthothiophen&s(BNTSs), have been assigned in the plot obtaineABg|I MS
(Figure VII-8). Identification of these series iretskewed plot is based on their average

KMDs and isotopic°C pattern. The three pairs of series are showngnrgiVIl-9a. ¢)



Chapter VII 87

indicates elemental compositions with o, ¢) indicates those containing oféC
isotope. The average slope of the series and treiatdrcept of the fitted lines in the
figure have been determined and the complete satat# recalibrated. Figure VII-9b
shows pairs of series in the recalibrated data WithDs very close to some PASHSs,
namely naphthophenanthrothiophened (NPT, KMD =278.0, DE=18) and
benzonaphthothiophends (BPT, KMD = 251.2, DE = 15) or the previously mentioned
BNT (KMD =211.0, DE =12), DBT (KMD =170.8, DE =9), or BT (KMB&130.6,
DE = 6). Of course also other isomers could be presethe residue sample, but the
suggested parent structures are benzologues of PA&tified in another experiment

using ESI and they cover the main range of KMD(13 280) observed in the mass

spectrum.
KMD a) Externally Calibrated KMD b) Recalibrated
300 300
280 280 | NPT .
260 - 260 - BPT e eentenronns
240 - 240 - -
220 - 220-BNT
200 - 200 - e
180 - 180 | DBT
160 - 160 - -
140+ Bl ... cerenen. 140+ B
190 | e SR
100 I I I I 100 I I I I
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Figure VII-9 . Seriesl to 5 in Kendrick plots of a) raw data acquired with external

mass calibration and b) same data after recalibration.

The slope of these series depends on the digiteeahass data that detemine the KMD
(definition of KMD, p. 77) and can be regarded asdbetribution of a methylene group
being different from zero. The average slope ofttinee pairs of series in Figure VII-9a) is
(-2,0+0,4)* [KMD/KNM] which is consistent with a Kendrick masfor CH, of
13.99917 Da and not 14.00000 Da. For recalibration afises have been recalculated by

the following equation:

M M

recalibrated —

*(1-207)+b (eq. 12.)

rawdata
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This correction slightly “stretches” the mass spautso that the KMD of a methylene
group is exactly zero. All members in each of thve fseries in Figure VII-9b) feature the
same KMD, so the series appear as horizontal liremgnPstructure (for PASHs assumed),
carbon number and molecular weight have been eaaifrom KMD and nominal mass
of each signal. Theoretical and measured masses diffa constant 1.0015 Da, which is
interpreted ad in the equation 12. It has to be mentioned hereithais increased by an
additional 0.00337 Da, the series for a PASH exaddyd PAH series with a DE more
than five. For example, £H1, as parent compound with DE = 17 only differs fromTBN
with DE = 12 byAKMD = 3.37.
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Figure VII-10. Kendrick plot of the effluent aromatics from rebedted data
recorded with APCI ion source. The right axis pregdE values for structures

with no (S0) and one sulfur atom (S1).

Therefore it cannot be confidently distinguishedwsen PASHs and PAHSs in the
spectrum, but regardless which one gives rise teiteal, only one species, SO or S1, is
present in the MS. The complete recalibrated selatd is depicted in Figure VII-10 with

DEs for series containing no or one sulfur atom given on thexes.
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Figure VII-11. Detail of Figure VII-10, with BT, DBT, BNT and *corsponding
13C series indicated by red and green lines. Blueslindicate KMDs of PAH

series.

Figure VII-11 shows an expanded region of Figuré M to stress the fact that the
gaps of KMD = 13.4 between series are only explainapleither PASHs (red marks and
green marks fol°C species) or by PAHs (blue marks).

6 ESI FT-ICR-MS Analysis of the Vacuum Residue Aromatics

Since the ionization of aromatic compounds withcetespray techniques is not very
efficient [76, 78, 81] derivatized compounds are i@ddde. ESI is a good choice for the
ionization of very polar compounds and dissolvelissavhich can be produced, e.g. by
selective derivatization targeting the sulfur atomsthe complex sample mixture. For
selective ionization of PASHs, palladium(ll) has hegsed as a sensitivity enhancing
reagent in standard resolution experiments using&inon trap MS [76]. This technique,
however, may show problems if samples of unknowfuswontent are investigated, as

concentration ratios of palladium(ll) and sulfuese to be crucial. In addition, with the
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use of palladium(ll) salts, instrumental parameties flow rate for sample injection and

spray voltages must be finely tuned to suppress the iamizaetihydrocarbons.

6.1  Methylation Reaction of Sulfur Compounds

The derivatization of organic sulfur to methylsuliom salts to achieve selectivity for

sulfur aromatics in the presence of PAHs was investigated.

One 1 mmol of the standard and 1 mmol of iodometheaTe dissolved in 3 mL of dry
1,2-dichloroethane (DCE). A solution of 1 mmol siltetrafluoroborate in 2 mL DCE was
added and yellow silver iodide precipitated imméealia The mixture was allowed to react
for 48 h followed by the removal of the precipitatsing centrifugation/filtration. The
precipitate was washed with DCE. DCE from the combireaction and washing solution
and excess iodomethane were distilled off undenaed pressure. The resulting sulfonium
salts were dried under vacuum before mass spediionanalysis. This derivatization

reaction is shown in Figure VII-12.

AgBF,
+CHgl —————»
dichloroethane
S 48h S+

|
CH; BF,

dibenzothiophene 5-methyldibenzothiophenium salt

Figure VII-12. Derivatization reaction of dibenzothiophene.

Of particularly interest are sulfur species thaivghhigh recalcitrance to HDS, such as
PASHs. Such compounds often possess alkyl grougmsitions adjacent to the sulfur
atom [22, 123] and it is possible that such subestitsi can act as a steric hindrance to this
reaction. To test the influence of different alkyl substittenon the vyield of the
derivatization reaction, six reference compoundsewmethylated using the procedure
described in the literature [124]. Phenanthrenetaksn as a control to study the behavior
of a non-sulfur species but it was inert underdpplied conditions. The sulfur selective
methylation described in the literature for thiopgbenzothiophene and several di- and
trimethylated benzothiophenes, dibenzothiophenes d ather non-alkylated sulfur
compounds [62] was found to give a quantitative Idyieeven for 2,4,6,8-

tetramethyldibenzothiophene after 16 h.
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6.1.1 Standard Molecules

The influence of alkyl substitution near the suliiom on the methylation reaction was
tested with seven reference compounds: dibenzdibizg 4-methyldibenzothiophene,
2,4,6,8-tetramethyldibenzothiophene, 2,7-dimethylbenaptiene, cholestano[2/3-
5,6,7,8-tetrahydronaphtho[2dlthiophene (CHNT, Chapter IV, p. 25). Phenanthrene was
used as control. The reaction products and sideuptsdobtained from standards are
provided in Table VII-B.

Table VII-B . Mass spectral data of standards and side products

Compound [M+CH]" Main m/z m/z [Side products]
DBT 199 199 484 [2M+BE"
4MeDBT 213 213 -

AEtDBT 227 227 199 [DB¥H]*
2468TetraMeBDT 255 255

127TriMeBT 177 177 299 [2Ag+BH’
Cs4Hs4S (CHNT) 543 543 -

a) DBT was an impurity in the 4EtDBT standard. Bn&l may be 2Ag+BF althoug!
the isotopic pattern does not match.

The last column in Table VII-B lists mass signatsirid in the spectra of methylated
standard compounds, revealing the presence of duisiened by silver, tetrafluoroborate
and standard compounds. To minimize cluster formatem additional washing step

following the filtration and centrifugation of the predgied silver iodide was performed.

6.1.2 Vacuum Residue Samples

Sulfur compounds in all fractions were methylatédha sulfur atom [124]. All four
residue fractions, containing between?1énd 4*10° mmol sulfur, and 1 mmol of
iodomethane were dissolved in 3 mL of dry 1,2-diobddhane (DCE). A solution of
1 mmol silver tetrafluoroborate in 2 mL DCE was addmad yellow silver iodide
precipitated immediately. To adjust for the possttipnger steric hindrance that may be

present in the large compounds in a vacuum resitheereaction time was extended to
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48 h. Workup was performed as described above fodatd compounds. The resulting

oils were dried under vacuum before mass analysis

The resulting mass spectra of LEC fraction 1F aBdlefore and after partial HDS,

are shown in Figure VII-13 and Figure VII-14, respectively.

721672 723.686
a) b) 72359
721576
722,673
622.029 721 484 722576 922010
e T
T W 722.49 W
721 722 723 724
322048
S
I | \ \
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Figure VII-13. a) High resolution mass spectra of the fractiofRsoltained by
LEC before partial HDS process. The three internahdards used for mass
calibration are indicated by their exact masseslH® inset shows a mass scale

expanded section from m/z 721 to 724 of spectrum a) in maxd. det

In previously described experiments using otherization techniques (APCI and
MALDI) from non-derivatized samples signals in danimass ranges as those shown in
Figure VII-13 were observed. However, without the mgkettion, APCI as well as MALDI
ionization of underivatized sample showed poor @iga noise ratios in some cases. Table

VII-C provides the deviation between theoreticall abbserved masses of the internal mass

standards in ppm.
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Table VII-C. Deviation between theoretical and obse
masses ofhe internal mass calibrants in ppm in the ESI |

spectra of the four vacuum residue fractions.

Standard Feed Feed Effluent  Effluent
[MW in Da] fraction 1F fraction 2F fraction 1E fraction 2E
[ppm] [ppm] [ppm] [ppm]
322.04812 +0.06 +0.14 - +0.01
622.02896 +0.04 +0.11 +0.12 +0.04
922.00980 +0.00 +1.13 +0.30 +0.05

All standards in all samples are found to differugp/to 0.3 ppm from the theoretical

value, with the exception of the heaviest standardpound in feed fraction 2 (1.13 ppm)

and the lightest one in fraction 1E of the efflyewhich could not be found in the

corresponding spectrum. For the samples feed fracti® and effluent fraction 2E all

standards are within a 0.06 ppm margin. From thisltremwe can conclude that the

required precision of 2.0 ppm is achieved with thd Effasurements of methylated

samples and computed data analysis has a solid base.

Table VII-D . Signals shown in Figure VII-13b with elementaipmsitions assigned.

Measured

721.484
721.576
721.672
722.494
722.576
722.673
723.595
723.686

Theoretical Elemental Difference Alternative composition
compositio

721.487 £H70S3 4.7 ppm  Cs1He2S1 721.481 4.6 ppm
721.575 fH74S, -2.1 ppm

721.668 fHsg6S, -4.8 ppm

722.491 *eH70S3 -4.5 ppm *CsiHeoS; 722.484ot found
722.578 *6oH74S1 2.7 ppm

722672 *gHgeS: -2.1 ppm

723.594 FHz0S -1.8 ppm

723.684 foHgsS, -2.4 ppm

4 The elemental compositions given e ttable are corrected for the methyl group addgedehivatization. (*

The asterisk indicates elemental compositionsititiide oneC. (Gray) text in the table refers to a calcule

elemental composition not found in the spectra.
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The inset in Figure VII-13b shows the region frol217to 724 Da in more detail.
Groups of signals that fall together in the TOF sngigectra are resolved into signal groups
separated by about one Da from each other. Dat@gsing using the algorithm presented
in Chapter VII3.2 identified those signals to be the PASHsdis Table VII-D.

The first signal group in the Figure VII-13b at 472 consists of three signals. The
first signal within this group with the mass 721.434 can originate from two elemental
compositions, GH70Ss or Gs;He,S. The next signal group at ~722.5 Da should reflest
elemental compositions of the previous signal greuh one*’C replaced by thé*C
isotope. In the latter group a signal at 722.494 D& @ermits the composition
13¢*2C4H76Ss (for a given maximum mass deviation of 5 ppm), thualidating the S1
class and supporting the S3 class for the correspgrsignal in the previous signal group.
In this 3 Da segment of the mass spectrum alreadyb®es of several overlapping
homologue series can be identified, but identifamatnust take advantage of whole series

to ensure reliable identification.
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Figure VII-14. High-resolution mass spectra of LEC fraction 1Bha residue

after HDS. Two internal calibrants are identified by theaamnasses.

A comparison of the mass spectra of the LEC frastiaF of the residue samples
before (Figure VII-13) and 1E after (Figure VII-1#DS shows signals in similar mass
ranges from ~400 to ~850 Da which differs slightlgni those observed with APCI and
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MALDI presented above. The maximum of the signagnsity envelope is reduced from
~600 to 550 Da for the HDS processed fraction, pbsegfiecting the conversion of some
structures by the hydrotreating.

The more readily desulfurized OSC are expectechanfirst LEC fraction as PASH
elute in the second fraction. The second fractidghar&d 2E of the Pd(ll) column, which in
the case of lighter petroleum fractions containP#ISHs, were analyzed in the same way
as the first ones. The mass spectrum of this fraatiothe residue sample after partial
hydrodesulfurization is shown in Figure VII-15a lwithe inset b) of a detailed region of

one mass calibration standard.

622.0290
a b) 2274
) 622.0290 )
922.0098
-
623.5594
3.5594
621.5444
21.544
322.0481
22,048
T T
622.0 623.0

T I T I I I I I I I
200 300 400 500 600 700 800 900 1000 1100
m'z
Figure VII-15. a) High resolution mass spectra of LEC fractiono2he effluent
of HDS process. Internal calibrants are indicatedhieyr exact masses. The inset

b) shows the mass region from 621 to 624 in detalil.

The signals shown in the inset b) were assigned to the deoma &1 Table VII-E:
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Table VII-E. List of the signals shown in Figure VIIHipwith elemental compositio

assigned.
Measured Theoretical Elemental Difference DE Relative intensity
compositiorf’

621.4496 621.44937 48Hs8S 0.4 ppm 15 0.204
621.5444 621.54327 4eH70S 1.8 ppm 8 0.388
622.0290 - Calibration standard - - 0.979
622.5468 622.54327 *aH70S 0.3 ppm 8 0.157
623.4647 623.46502 4Hs0S 0.5 ppm 14 0.207
623.5594 623.55892 41725 0.8 ppm 7 0.514

3 The elemental compositions given in the tablecareected for the methyl group added by derivatirai(*)

The asterisk indicates elemental compositionsitichide one“C.

The fourth row in Table VII-E contains values fitji a*>C compound, which confirms
the elemental composition assigned to the mass #24 Ba in the second row. The
relative intensities for this signal pafiC:**C 100:41 agree quite well with the theoretical
100:47 ratio.

6.2 Mass Range, Multiply Charged lons and Clusteri the Mass Spectra

Clusters of several molecules of the reference camgs containing silver or
tetrafluoroborate ions could be identified to scemeent based on their accurate mass. Data
analysis has shown that the number of signals dabgeclusters can be estimated to lie
below 10 %. Even a larger abundance of clusters waoldjeopardize the elemental
composition assignment procedure since clustersbeaidentified easily using the high
accuracy mass data and treated separately. Theutbsoimbers of signals, clusters, non-
assigned mass signals, and assigned classes flmuth@vestigated fractions are given in
detail in Table VII-F. The relative intensities of &pes sharing a class are given in
brackets. The signals &iC isotopes have been subtracted from the numbéedenfified
elemental compositions in the Table VII-F, althodighse signals were used to support the

assignment of elemental composition.
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Table VII-F. Number of the mass spectrometric sigriatscompound classes in the vact
residue fractiorfs The values in brackets refer to the relative risity over all signa

identified in the given class.

Class

PAH S1 S2 S3 Unassigned Cluster

92 289 44 27

Feed fraction 1F (15.9%) (71.7%) (7.8%) (4.9%) 42 18
) 102 256 30 12

Feed fraction 2F > ao5) (65.70%) (7.9%) (3.6%) 53 87
) 95 267 64 13

Effluent fraction 1E (16.1%) (68.5%) (11.4%) (3.9%) 38 52

Effluent fraction 2E 144 325 44 16 58 48

(24.1%) (63.7%) (8.4%) (3.7%)
& The number of signals and the signatknsity of a class are corrected for signals tiegufrom element:

compositions containintC isotopes.

The dominance of compounds with one sulfur atoevident, whereas structures that
were identified to contain three sulfur atoms weegligible. The slight increase in
hydrocarbon intensity may arise from the HDS precebhe slight increase of S2
compounds in fraction 1E is also remarkable andhiridg explained by partial removal of

sulfur from molecules of higher sulfur content.

6.3  Vacuum Residue Analysis by Combination of FT-IR-MS with LEC

The interpretation of mass spectrometry data (witHagmentation) does not permit
an identification of analyte structures since bis ttechnique one cannot distinguish
between isomers. LEC on Pd(ll) showed the best gsmgaration abilities for vacuum
residue derived aromatics in comparison to alletesthromatographic systems. The
separation of sulfur species into a PASH and aPa8H fraction is a valuable tool for
determination of compound structures and will bketaas starting point for further

discussion of structures in the residue fractions.
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6.3.1 Vacuum Residue before HDS: Feed

The advantages of a plot of Kendrick nominal ma@dM) against Kendrick mass
defect (KMD) has been described in chapter VII3.I7%.The Kendrick mass defect plots
of the sulfur-containing aromatics in LEC Fractibi in Figure VII-16a show a different
pattern from the one observed for the sulfur-comtg aromatics in Fraction 2F (Figure
VII-16b). The KMDs on the y-axis are related to tmgdrogen deficiency as explained
above (p. 75). They are related to the sum of rings double bonds defined as double
bond equivalent (DE): DE = R + DB (R = number aigs, DB = number of double
bonds).

KMD DE for S1
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Figure VII-16. Kendrick mass defect (KMD) plots of the S1 compmisiof a)
LEC fraction 1F before HDS and b) LEC fraction 2&fdre HDS. The KMD
corresponds in case of S1-class compounds to tlem giouble bond equivalent

(DE) and the size of the dots in the Figure reflect the relaignal intensity.

The vast majority of compounds show a DE value betw4, which corresponds to
one aromatic ring and 21, which permits the existanfcup to eight condensed aromatic
rings. For DE numbers exceeding 9, the number ofilplesgarent systems becomes very

large and a lack of data on such high-boiling maleimpedes reliable comparisons. UV
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data on the whole PASH fraction show absorptiordbarp to 340 nm so that at least three
(DE = 10) to four condensed aromatic rings (DE = 13 expected to be present in
detectable concentrations. Naphthenic rings do rbib#& UV absorption, but they are
likely to contribute to the high DE-values observéd large number of PASHs with

several condensed naphthenic rings have been tabulatdderoils [125].

The results presented here allow one to draw soomelgsions about the parent
structures present in the vacuum residue samplesKefdrick mass defect of
approximately 130.6 translates into DE = 6 (or Z18)-for compounds containing one
sulfur atom, and thus the lowest row of points igufe VII-16a) and b) could represent
benzothiophenes with an increasing number of cadioms in the side chains toward
higher Kendrick nominal masses. Benzothiopheneseaaned by Pd(Il) so they should
appear in fraction 2. The first thick point in thaw in Figure VII-16b appears at a
nominal mass of 456 and thus represents the elameomposition gHs,S. If it is a
benzothiophene all side chains must beHg;. However, the mass spectrum cannot tell
whether it is one & side chain or several shorter ones or whethesitteechains are linear
or branched. The largest molecular weight for a cmmpg in this row in Figure VII-16b is

792 Da, implying 47 carbon atoms in side chains if the pamerdtste is benzothiophene.

Compounds with a KMD of 144.0 have DE = 7, i.e. theytaim one more ring or one
more double bond than benzothiophene, and compaowitil®s KMD of 157.4 have DE =
8. These groups of compounds are represented osetund and third row of points in
Figure VII-16a). Previous investigations of ring teyas in fossil materials identified
several parent structures. A thorough examinatiofaiofy low-boiling PASHSs in a shale
oil from Austria showed the presence of a large Inemof different parent systems [63,
126, 127]. Several alkylated phenylthiophenes (DE wé&re found with up to 9 carbon
atoms in the side chains in material boiling at 185 °C/3.5 torr. Further experiments
have shown that both 2- and 3-phenylthiophene @tutection 1 from the Pd(ll)-column,
S0 one can assign the second lowest row (KMD of()42f compounds in Figure VII-16a)
to alkylated phenylthiophenes. Other conceivableuctires for DE = 7 are
tetrahydrodibenzothiophenes and cyclopentabenzuibites, the latter have also been
found in the Austrian shale oil. However, substitutegresentatives of both of these

parent structures should elute in LEC fraction 21 appear in Figure VII-16b) since



100 High Resolution Mass Spectrometry of Vacuumdves

unsubstituted 1,2,3,4-tetrahydrodibenzothiophene tained by the Pd(ll) column and

elutes in fraction 2.

Compound classes with DE = 8 include indenothiopeeand indanylthiophenes
which were reported to occur in the Austrian sloall¢126, 127]. Indenothiophenes can be
regarded as bridged phenylthiophenes and thergf@sumably behave like them on the
Pd(Il) column (see above) and appear in fractigFigure V-10). Indanylthiophenes are

substituted thiophenes and are also expected to eluteiiofira.

A major group of compounds appearing at DE = 9 (KMD 170.8) could be
indenothiophenes or indanylthiophenes with an &t naphthenic ring. DE = 9 is also
expected for dibenzothiophenes or naphthothiophevt@sh are among the most common
sulfur species in petroleum samples. Both groupseparated on the Pd(Il)-column, with
the condensed thiophenes being strongly retainedelaing with the PASHs in fraction 2
(Figure VII-16b) while structures with isolated dphenes elute in fraction 1 (Figure
VIl-16a).

In Figure VII-16b), the heaviest signal in the DB®riss has a molar mass of
828.7564 Da, which means that there are 46 carbonsairthe side chains. The next
higher benzologues are the benzonaphthothiopheitesavDE of 12 (KMD 211.0). They
are often identified in crude oils but there aréyorlatively few points in Figure VII-16b
corresponding to such ring systems. DE = 11 fithwibenanthro[4,Bcdthiophenes, a
class of compounds frequently found in heavy oil fract[a28].

The series with higher DEs than the above discussealll be explained by additional
naphthenic rings. For DE increments of three, e.g.Dar= 12, 15 and 18, additional
aromatic rings are also possible. Those could bedftis the benzene ring in the indanyl
rest or form higher benzologues of the PASHs. Thstexce of such structures would be
consistent with the number of aromatic rings indicated &y spectra.
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Table VII-G. Parent structures for homologue series [63, 12%;129].
The last column shows fractions from LEC where sesfes are expected.

Parent Structure Name DE/Z KMD LEC
fraction
] Thiophene 3/-4 904 1

F/I@ Benzothiophene 6/-10  130.6 2

S

U_@ 2-Phenylthiophene  7/-12 144.0 1

S

C/ICO ?hﬁ'ég‘f:nns[z'm]' 8/-14  157.4 1

W tzr;i(()lgi!r;iiny')' 8/-14  157.4 1

‘\—/‘ Dibenzothiophene 9/-16 170.8 2
S

O Phenanthro-
S
! ‘ Benzop]naphtho-
S -
O [2,1-d]thiophene 12/-22  211.0 2

3The Kendrick mass defect relates to non-protonaisiécules without’C.

In a vacuum gas oil BTs with up to 16 carbon atemside chains, up to 6 carbon
atoms for DBTs, phenanthrothiophenes with 7 and dreayzhthothiophenes with up to 5
carbon atoms in alkyl chains have been found [1@8h Middle East crude oil (from the
Iraqi Kirkuk field) DBTs with up to 8 alkyl carboatoms have been found [108]. Other
investigations revealed as many as 31 carbon atormaikyl chains substituting BT and
DBT [130].
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6.3.2 Vacuum Residue after HDS: “Effluent”

The Kendrick plots of LEC fractions 1E and 2E oé tlesidue aromatics after HDS
processing are given in Figure VII-17. In a) appagaps in the series of homologues after
standard data processing could be “filled” by tgkmasses into account with a maximum
deviation of 3.0 ppm in the described assignmentquioe. These signals appear as green

dots in Figure VII-17a.

Manual inspection of these newly assigned signadsqul that no interference with
other homologue series occurred during the proeediiris an open question if this
phenomenon of “missing” structures is caused byalasence of those structures in the
homologue series as the mass calibration achieveithis sample was consistent with that

for the other samples.

KMD DE for S1
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Figure VII-17. KMP plots of the S1-class compounds of the vacuesidue after
HDS (effluent) a) LEC fraction 1E and b) fractio.2The size of the dots

represents the relative intensity.

The distribution of signals of the effluent in Figwll-17 can be compared to the one
in Figure VII-16 showing the feed fractions. Struewi with DE lower than 6 have not
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been identified in fraction 1E of the effluent. Tirst significant series in Figure VII-17a)
has a KMD of 170 according to a DE = 9. Signalsnimiecules with lower condensation
are visible, but are of relatively low intensity. AEDof 9 fits with indanylthiophenes or
indenothiophenes with one additional naphthenig, rBiT's with three naphthenic rings or
DBTs, except that the latter two are well retainedtibe Pd(Il)-column and therefore

appear in LEC fraction 2.

Thiophenes with 4 or 5 naphthenic ring substitueoisid also account for signals at
DEs of 7 and 8. These structures have been reptwrtbd present in petroleum samples
[125]. However, noncondensed thiophenes are readibulflirized during HDS. This
contradicts the fact that these series seem toveutive partial HDS process and therefore

might not be present in hydrotreated samples.

A DE of 9 in fraction 2E Figure VII-17b) fits witklibenzothiophene, but does not
explain the DE 9 series in fraction 1E as DBTs thiee PASHs that are retained most
strongly by the Pd(Il) column. Again, a combinatiohtloe structures described above
seems to be unlikely because they are easily rednowile this unidentified higher
condensed series shows a certain recalcitrance. ffrermass spectrometric data further
conclusions cannot be drawn. However, with the girest being pronounced in LEC
fraction 2E after HDS some sterical shielding o gulfur atom in the molecule must be

assumed.

Homologue series in LEC fraction 2E as shown iruFagvIl-17b) start with DEs of 5
and 6 with members over a wide mass range. Theditsin the BT series (DE = 6) has a
mass of 232 Da, corresponding to a BT witiH(g as substituent(s). This series extends to
834 Da allowing for 50 carbon atoms in side chaire 3eries of DBTs starts at a mass of
422 Da and reaches up to 856 Da equal to 17 to 48 methylene gresgpectively.

6.4  Changes in the Vacuum Residue during HDS

During HDS the more reactive sulfur structures egeoved at higher rates. A
comparison between both residue samples beforeafted HDS allows one to draw
conclusions about the structure of sulfur molectites readily react and those which are

recalcitrant.
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Figure VII-18. Two Kendrick mass plots of all S1 series beford after HDS.

Signals of the effluent fraction 1E are indicateg (o) white dots and the

corresponding fraction 2E by)( yellow dots and layered above them signals
obtained from the feed fraction 1F and 2F, bewl)gblack and @) gray. In the

plot a) on the left the effluent dots cover thedfeets so that if a signal is present

in both feed and effluent, only the effluent sigisaVisible. In b) on the right the

feed dots cover the effluent.

In Figure VII-18a) (left) the white/yellow effluensignals are layered onto the

gray/black signals from the fractions before HDSlsa if a S1 compound is present in the

sample before and after HDS it will appear as atelyellow dot. However, the effluent

derived signals (white/yellow) do not cover all S§gnals in the feed. These gray and black

dots therefore reflect compounds that were remakgthg HDS process. Figure VII-18b)

(right) shows the reverse case, where those ofabe tover the effluent dots. Only few

white/yellow dots and, more important, no regulatgratof them is visible, reflecting the
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fact that during HDS no compounds have been “formiedFigure VII-18a) (left) black
dots below 370 Da and KMD values higher than 1%@li¢ated in the Figure by the
ellipse) relate to compounds that seem to be ctenelhis group of signals is found in
LEC fraction 1 (black dots in the Figure), therefthese compounds are noncondensed
thiophenes, containing the sulfur in isolated th@ph rings. Their KMD values correlate
with a DE = 9 to 14 which means indenothiophenes;danylthiophenes with one to 5

naphthenic rings or up to one additional benzene and twdheapt ring, respectively.

Sterically hindered sulfides are another recalettreon PASH sulfur structure reported
by Albrecht et al. [131] who recently identified 1,4,8-tetramethyl-9-alkyl-1,2,3,4,4a,9b-
hexahydrodibenzothiophene in highly desulfurizeesdl oils, but this and other related
sulfides can be excluded for this discussion duehtar strong affinity to the Pd(ll)

stationary phase. They do not elute from the column if present

6.4.1 Selected S1 Series Obtained from ProcessaxHefore and After HDS

Plots of selected homologue series that have balenlated from the processed data
and corrected or signals from compounds With are very similar in appearance to mass
spectra, and therefore convenient to interpret. Thstineavily populated S1 series of all
four residue fractions are shown in appendix 1X8.2¥%. Figure VII-19 shows such “mass
spectra” of series with one sulfur atom a) feed ndffluent fraction 1. Two groups can
be visually distinguished, the series with DE 9 & (black symbols) retain their
members during HDS. The series with DE 6 to 8 (wéytabols in the Figure) lose a lot of
“signals” by HDS and the remaining signals haveucimlower intensity in comparison to
series with DE 9 and 10.

Both mass spectra were obtained from LEC fractioand thus should not contain
thiophenes condensed to further aromatic rings. ddraplete overview over S1 class
series obtained from all investigated residue ioast is presented in Appendix 1X8,
p. 127. Table VII-G on p. 101 gives an overview on at@rsulfur structures reported to

be present in other petroleum related samples.
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Figure VII-19. (o) S1-DES, () S1-DE7, () S1-DES8, ¢) S1-DE9, and«) S1-
DE10 series of LEC fraction 1F of a) feed and b) dfEeffluent. The Figure

shows™C-corrected relative signal intensities.

Parent structures, which are likely to account f& Dand 8 are phenylthiophenes and
indeno- or indanylthiophenes, respectively. A DE at@uld match with benzothiophene,
but those are retained on the Pd(ll)-column, eveh wierically demanding substituents
like the reference compound CHNT with¢H,s in alkyl chains. S1 class structures with a
DE of 6 in this fraction should be ascribed to anbmation of thiophenic and three
naphthenic rings. The lowest mass after HDS for &2 Da, which refers toz@Hsg in
methylene groups. The smallest member with DE 7 ge#P6 Da corresponding to 24
methylene groups on a phenylthiophene. The DE &satarts with 606 Da according to
31 methylene groups for an indenothiopene or 2&foindanylthiophene. The series with
DE = 9 in the LEC fractions 1 remains unsolved 83 ®elute in fraction 2 of the Pd(ll)-
column and structures with isolated thiophene rings shHmeilgtadily desulfurized.

The following homologue series have been identified in #oeivm residue fractions:
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Table VII-H . Carbon numbers in alkyl chains of homologue sedentified in the vacuum
residue fractions using ESI FT-ICR-MS of sulfuresgively derivatized samples.

Homologue series Feed Feed Effluent Effluent
fraction 1F fraction 2F fraction 1E  fraction 2E

BT (DE - 6) - C14'C47 - C:7'(:50
BT with one add. naphthenic ring - C14-Cy7 - CioCas
(DE=7)
BT with two add. naphthenic rings - Cr1-Cys - CorCyo
(DE = 8)
DBT (DE = 9) - Ci17Cus - Ci17Cas
DBT with one add. naphthenic ring - CigCu3 - C17Cy47
(DE =10)
Phenanthro-[4,B]thiophene - Ci6Cs2 - Ci5-Ca3
(DE =11)
Benzo[b]naphtha[2, ththiophene - Ci15Cyo - Ci3Css
(DE =12)
Phenylthiophenes (DE = 7) Cas-Cas i CorCas i
Indenothiophenes or Ci5Ca1 - Ci6Cs3 -
Idanylthiophenés(DE = 8)
Indenothiophenes or

P C11-C42 - C16' C43 -

Indanylthiophenéswith one add.
naphthenic ring (DE = 9)

a) The number of carbon atoms is calculated fagrinthiophenes. Indanylthiophenes have 2 carbonsdtss

than the numbers listed in alkyl chains.

The presented combination of LEC with high-resolutiFT-ICR-MS impressively

extends the molecular weight for petroleum component alzaysis.

7  High Abundance of the [M+1] Signals in Mass Spectra of PACs

All mass spectra acquired by a MALDI-TOF-MS andaoRT-ICR-MS showed highly
abundant signals at even and odd nominal mass @d$9. 84). This has been previously
observed for PAHs using standard resolution spewters with MALDI [99] and LDI
[100] ion sources. Jackson et al. reported that [Msiignals with an abundance of/s~to
Y% of the molecule peak are present in spectra dfracene, benza]pyrene, and
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dibenzop,hlanthracene. This is approximately twice the abundaxpected for molecules
with one*C isotope (15 to 25 %). Though no obvious proton a®would be found,
protonation of [M] was assumed. The high accuracy mass data from TRECHE
spectrometer enables one to distinguish betweeralsigrom protonated species and those
containing a°C isotope. Signal pairs that result from df@ isotope differ by 1.00335 Da

from the corresponding molecular ions, the protonated iprdsd®782 Da, respectively.

Although experiments with MALDI and APCI source balieen performed without
internal calibrant the interval between even and ndminal mass of approximately one
Da was precisely measurable. Table VII-I gives nusioé [M]/[M+1] pairs identified and

isotope ratios determined in high resolution mass spefcthae® ion sources.

Table VII-I . Abundancy of [M] and [M+1] for HRMS experimentstiwvthree ion source
Numbers and relative numbers of signals, protongpetties, and pairs of signals deri

from pure*“C elemental compositions and the corespontfiigsotope analoga are shown.

measured No of Pairs

lon No of No of Pairs [M]*/[M+H]* [M(*C)]" & measured  calculated
Source Sample Signals [M] & [M+1] ratio® IM(*C)*  *C/Cratio® *AC/C ratio®
MALDI AEPAC 1751 303 (17.3%) 1.04 192 (11.0%) 0.96 0.40
MALDI AEPAH 1617 498 (30.8%) 1.17 150 (9.3%) 1.02 2D
MALDI AEPASH 1420 316 (22.3%) 1.12 100 (7.0%) 0.77 0.30
APClI  AEPAC 1589 70 (4.4%) 1.00 330 (20.8%) 0.60 90.4
ESF  AEPAH 543 17 (3.1%) 0.77 105 (19.3%) 0.49 0.44
ESF  AEPASH 677 34 (5.0%) 0.94 88 (13.0%) 0.51 0.47
ESF AFPAH 550 9 (1.6%) 0.84 108 (19.6%) 0.51 0.46
ESF  AFPASH 562 9 (1.6%) 0.75 74 (3.2%) 0.52 0.47

a) The ratios of signal intensities for all paifs|d] */[M+H]* have been averagefiC should be present
both species in equal aunts so that this ratio is 1. b) The ratio of aigintensities for all pairs

IM(*C)]"IM(®C)]" have been averaged. The values should refleésabepic abundance fdfC and thus t
smaller than 1. c) The ratio of signal intensifiesall pairs of [MEC)]"/[M(*C)]" has been calculated. 1
values reflect the isotopic abundance’f@ and depend on the number of carbon atoms instaatture. Th
intensity of the [MC)]* was calculated from the intensity of the corresiiom [M(*C)]" signd based on &
estimated carbon number ¢ = Molecular weight /Tie identified carbon numbers ¢ have been usethé

sets of data obtained using ESI. d) For ESI masiysia sulfur selective methylated sample has bsed.
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The use of ESI circumvents the phenomenon repddedonization of PAH via
MALDI. Previous authors have suspected this highndance of [M+1] signals to derive
from [M+H] protonated species and only to some rixfeom **C containing species that
agrees with the isotopic abundance.

The high-resolution data confirm that a large nundfesignals derive from protonated
ions. However, the data acquired by FT-ICR-MS usimdAd DI ion source still show an
unexplainable intensity ratio of’C/**C. Mass spectra achieved by APCI and from
derivatized compounds via ESI show intensity ratafs’C/*°C in agreement with

theoretical considerations.

The data in Table VII-I additionally confirms th&SI| of derivatized compounds
prevents protonation of the analytes, only a tinynbar of such pairs of signals is
observed. The ¥/C" ratios have been calculated from the ptf@ signals (based on
KMD and signal intensity) and then compared wita i isotopic twin. This comparison

can be used to check:
a) mass calibration
b) assignment procedure (based on good mass calibration)

and has therefore been used as a quality contrahéolatter. The data in the last two
columns in Table VII-I, which has been obtained WMALDI from non-derivatized
samples show some discrepancy between observedhancetical ¢%¥C™ ratios, with
observed ratios being 2.8 fold higher than theamktialues. For a large number of
statistical pairs the ratio of signal intensitie®mages to 1. This ratio near 1 reflects the
effect of insufficient calibration as signals arairpd that are no ‘&C'3 pair. The data
gained in the experiments using ESI of methylatechmounds with three internal mass
calibrants, however, show good agreement betweenumehsnd theoretical’C/~*C

ratios.

8 Summary of High-Resolution Mass Spectrometry of &uum

Residues

The aromatics of a vacuum residue before and gitetial desulfurization by
hydrotreatment on metal catalyst were fractionai®dg ligand exchange chromatography
(LEC) on a stationary phase containing complexell)Pisito two fractions each. This
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separation separated non-condensed thiophenes, whkighcollected with hydrocarbons
in fraction 1, from polycyclic aromatic sulfur heteycles (PASHs), which were eluted in

fraction 2.

These fractions were investigated using Fouriensfiam ion cyclotron resonance
mass spectrometer (FT-ICR-MS). Matrix assisted ldssorption ionization MALDI and
atmospheric pressure chemical ionization (APCl)entested for their potential to produce
mass spectra of unfragented ions with high sign@nisities. A computer supported data
interpretation algorithm was developed for the caxpmass spectra with hundreds to
thousands of signals. This procedure assigns elamemmnpositions to each mass signal
based on the high accuracy data and by establisieings of homologues. Although mass
spectra were obtained with MALDI and APCI, mass lpalion and signal intensities
presented some difficulty for the data interprewati A differentiation between series

containing PASH and hydrocarbons was partly possible.

Therefore the organic sulfur compounds (OSC) in ftha LEC fractions, namely
fraction 1F and 2F of the feed of the hydrodesi#ation (HDS) process and fraction 1E
and 2E obtained from the effluent after HDS, werHusiselectively derivatized via a

simple methylation at the sulfur atom.

The derivatized samples were analyzed using FTHMSRand electrospray ionization
ESI. High precision and high mass accuracy in thesnaata were obtained by the use of

three internal calibrants per mass spectrum.

Using the data interpretation procedure developddis thesis in combination with the
fractionation on the Pd(ll) LEC stationary phaseieseof sulfur-containing structures over
a wide mass range could be identified. Among othmszothiophenes containing up to 50
carbon atoms in aliphatic side chains and DBT with 46 cartmonsawere identified.
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VIl SUMMARY

The catalytic conversion of heavy fractions is oftempered by heteroatoms present
in the feedstock, especially nitrogen and sulfur. ddeary desulfurization is difficult and
not always possible due to recalcitrance of songarasulfur species. Analysis of lighter
petroleum fractions revealed alkylated polycycliomatic sulfur heterocycles (PASHSs) to
be the major sulfur contributor, especially thosehwalkyl substitution that sterically
shield the sulfur in the molecule. For the heavifstctions hardly any structural
knowledge of the recalcitrant species is availaBlensequently, for rational development
of efficient hydrodesulfurization (HDS) procedurend new catalysts, structural

knowledge of the relevant sulfur species is needed.

A major obstacle for heavy fraction analysis is doenplexity in composition as the
number of possible isomers increases tremendoutiiyrising average molecular weight.
Due to their non-volatile nature heavier fracticmdditionally defy common powerful
analytical techniques like gas chromatography anesaonization techniques for mass

spectrometry.

A representative PASH was defined, based on predirpibulk analysis, to mirror the
average properties of the investigated aromatatima of a vacuum residue like molecular
weight, degree of aromaticity and number of aromatigs per molecule. This model
compound, GHssS with a benzothiophene parent structure contathalphatic carbon
atoms (CHNT) and was synthesized starting fromegtahone. Characterization by MS,
UV and NMR showed two isomers to be present. Thesmers had the same overall
characteristics and thus were not purified. Thesapounds were used to investigate
various chromatographic systems in respect to ¢kention behavior of highly alkylated
PASHSs.

Taking the complexity of the vacuum residue samplasaccount, a chromatographic
separation that provides chemically clearly defisedb-fractions of the vacuum residue
aromatics was sought. Several chromatographic methwle been tested for the
separation of heavy vacuum residue aromatics ilateses according to number of fused

aromatic rings. Charge transfer chromatographiciosiaty phases, octadecylsilica in
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reversed phase partition chromatography, gel perameathromatography (GPC) in
dependency of the mobile phase composition anadigexchange chromatography (LEC)
on a Pd(Il) bound stationary phase were appliedeaxwe the purpose. The presented
investigations suggest that such a chromatogregepearation of the fraction of aromatic
compounds in vacuum residues according to ring sigedesired, is not possible. This is
probably because of the chemical homogeneity anamamatic compounds of different
ring size classes. Existing distinctive featureg like presence or absence of sulfur, the
number of fused aromatic rings that could be exgtbifor such group separation are
counterbalanced by the enormous number of alkyinshand the tremendous number of
isomers. Even a clear-cut fractionation accordingnecular size by the use of GPC
failed in the end. The only clear-cut chromatogragtactionation was obtained by the use
of a LEC approach based on a Pd(ll) column.

In contrast to experiments performed on lighterctims not all organic sulfur
compounds (OSC) were isolated by LEC from hydromasbin this work. Some sulfur
compounds eluted together with hydrocarbons infits¢ (non-PASH) fraction. Highly
alkylated standard PASH standards (CHNT, OctDBT)ewsnown to be retained and
eluted in the second (PASH) fraction, indicatingt tteen PASHs containing huge alkyl
substituents can be separated from non-PASHs. Eiparation facilitates distinguishing
between different sulfur species in this thesisu@tres that contain non-condensed
thiophene rings (non-PASH) can be isolated fromhs@SC containing condensed
thiophenes (PASH). This differentiation was a valaedbol for the interpretation of mass

spectrometric results.

The LEC fractions were investigated using Founiangform ion cyclotron resonance
mass spectrometer (FT-ICR-MS). Matrix assisted ldssorption ionization (MALDI) and
atmospheric pressure chemical ionization (APCl)entested for their potential to produce
mass spectra of unfragmented ions with high sigm@&nsities of the vacuum residue
aromatic compounds. A computer-supported algorithras wdeveloped for data
interpretation of the complex mass spectra withdneds to thousands of signals. This
procedure assigns elemental compositions to easls signal based on the high accuracy
mass data and by using series of homologues. Althougss spectra were obtained with

MALDI and APCI, mass calibration and signal intelesitpresented difficulties for data
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interpretation. A differentiation between series taoning PASH and hydrocarbons was

partly possible.

Therefore the organic sulfur compounds (OSC) in ftng LEC fractions, namely
fraction 1F and 2F of the feed of the hydrodesi#ation (HDS) process and fraction 1E
and 2E obtained from the effluent after HDS, werdusiselectively derivatized via a

simple methylation reaction targeting the sulfur atom.

The derivatized samples were analyzed using FTN3Rand electrospray ionization
(ESI) for sample introduction. High precision andthimass accuracy in the mass data
were obtained by the use of three internal calilsrgrer mass spectrum. Elemental
compositions could be assigned to the vast majarfitgignals in all four investigated
vacuum residues. For structural identification oftselemental compositions additional
information, e.g. chromatographic properties, deswétion behavior, or spectroscopic

properties was used.

Series of sulfur containing structures over a wigess range could be identified using
the data interpretation procedure developed in thissis in combination with the
fractionation on the Pd(ll) LEC stationary phase. dhm others, benzothiophenes
containing up to 50 carbon atoms in aliphatic sildains and dibenzothiophene with up to

46 carbon atoms were identified.

The combination of chromatography and high resofutmass spectrometry greatly
extends the molecular weight of identified sulftnustures in complex and high or non-
boiling petroleum derived mixtures like the invgatied vacuum residues and can provide
a very detailed view on the effect of hydrotreatmehthese materials. The comparison
between unprocessed and partially desulfurized wacvesidue aromatics showed that
structures with uncondensed thiophenes with a ldgbree of saturation are easily
desulfurized while PASHs and also thiophenes witloveer degree of saturation in the
molecule survive the partial HDS process. In therit this method can be applied on
residues and vacuum residues obtained from diffestages of the HDS process to

identify the most recalcitrant species.
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IX  APPENDIX

1 Procedure & Parameters for Preliminary Elemental Composition

Assignment by “Molecular Weight Calculator”

The operation parameters used in this thesis fdchbalemental composition
assignment, based on molecular weight, with the soévolecular weight calculafSr
are explained in detail in the paragraphs below. pregram by Matthew Monroe is

freeware and proved to be a valuable support for this work.

1.1 Raw Data

Raw data are in ASCI format (*.txt) directly from REMS-software. Before batch
assignment data are imported into Excel with s¢paréblank” and “ignore consecutive
separators” checked. Decimals set to “,” and 100Grs¢mr to “.”. Only the column
containing the exact masses is copied into an emMptgPad document and a first line
containing “FF=" (to activate the formula finder thde) must be attached. A filename
(*.txt) referring to the sample and parameters for the neptstould be chosen.

1.2 Molecular Weight Calculator

In the software the formula finder (menu “toolsY activated to set the following

(Table IX-A) parameters (using isotopic elemental weights

The settings given in Table IX-A are optional, thesence of nitrogen was also
controlled by including®N in the assignment process. The maximum numbeitofshset

to 10, if reached, clear assignment is considered not passible

20| IT6 Molecular weight calculator version 6.25 bétédMay 20, 2003) by Matthew Monroe is freeware andessible at
http://alchemistmatt.com
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Table IX-A. Settings for the “formula finder” module. The dyofs given in the output fie

appears in resulting elemental compositions as show

Isotope Minimal number Maximal number Accurate mass Symbol_in output
1zc 0 90 12,000000 mce
H 0 180 1,0078246 H
%0 0 5 15,994915 O
33 0 5 31,972072 S
3¢ 0 1 13,00335 c2_
Yo%, 0 1 87,00292 C3_
107ag 0 1 106,905095 Ag

Further settings (in the formula finder options) include:

Weight tolerance: 2

ppm mode

Match molecular weight

Sort results: Sort by formula

Bounded search
Smart H atoms

Find charge: unchecked
Find m/z: unchecked
Limit charge range: unchecked
Find Target m/z: unchecked
Automatically adjust Min and Max

in bounded search: unchecked

After calculation all assignments are saved ie(fi.txt.outf* and can be opened by
Notepad. Import into Excel was done by select the’tlaf "*.txt.out" in Notepad and

copy paste it in one column in the Excel spreadsheet “import”

1.3 Decision-Scheme of Spreadsheet “MWCsort.xIs”

The Excel spreadsheet application MWCsort evaludées files directly from MWC.
The application consists of two relevant workshestsied “RawData” and “Sortl”. Raw

2L File name is best changed to “out*.txt” for simplse.

22 Select all: “Strg” + “a”
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data directly from ICR control software as well @agput files of MWC are entered (or
copied) here. In “Sortl” the elemental compositi@ne processed and assessed. In this
section the crucial decision procedures developethfs work are described in detail. The
numbers in brackets refer to lines of code in Appendix 0, p. 141.

Data from MWC are opened with the text-processootdgad” and copied into the
designated columns (F to H) in the sheet “RawDa%aice multiple assignments are
frequent and vary in number, values are brought imoae concise form (all assignments
per signal into one row). Therefore signal numberhissen as a marker and the number of
suggested assignments is grouped behind it (L33%-34e pre-sorted data are transferred
(L342+343) to sheet “sortl” were the elemental cosijipns are verified according to
chemical sense. For better calculability the elealesuefficients are extracted (L344-358)
from the string (text format data tyPe that contains the elemental composition and
converted into number format. Values for carbon @ntlydrogen numbers are subtracted
by the amount eventually added due to ionizatioB48-349). Clusters are identified
through presence of BFor Ag" ions (L348-350) and the hydrogen deficiency Z is
calculated (L361). Chemical sense of the EC in guess rated based on Z being greater
than -2 and even. Clusters are nominated and odd allley interpreted as
protonation/methylation. Impossible formulas areedatas wrong (L362+363). Mass
deviation of each assigned composition is multgpleccording to its “rating” so that
assignments with small mass deviation which showhwptetion/protonation are favored
(L364-370). Elemental coefficients are extractedh&f best rated elemental composition

and class and type are assigned.

2 Elemental Composition ldentification Based on Taled Kendrick

Mass Defects

Formula assignment was done by a self-written Exgleadsheet application
HP200G* This consists of several worksheets, which areriest; now in suggested

order of use.

23 The data type string can contain up to 255 chemmdncluding letters and numbers. Mathematicalraijmns, e.g.
multiplication can not be performed with this digtae.

24 44P2000.Xls
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2.1 Settings and Parameters
The sheet “Settings” contains crucial parameters for kllitzions.

Mass added by ionization: If sample is protonated, wheitd or otherwise
changed prior or during ionization the mass of that
change must be entered here (added mass positive, e.g
methylation,  subtracted mass negative, e.g.
deprotonation).

Initial assignment: Maximum difference between measwand calculated
(Kendrick) mass for initial assignment. Value should
be between 0.3 and 0.8 [mDa].

Secondary assignment: Maximum difference betweersuaned and calculated
(Kendrick) mass. For compounds ~<900 Da it should
not exceed 3.0 [mDa]. Minimum value should be
higher than initial assignment

Member factor: Takes the number of initially assdymeembers in a
homologue series into account. If two or more series
are possible, only the nearest one with “MemFac”
members more than the other possible series will be
assigned. Value should be between 0.5 (weight on mass
accuracy) to 2 (weight on initially assignments).

2.2 Initial Identification and Assignment of Classand Type

(Lines 1-99, 372-409) The raw data from the ICRwgafe are imported into the sheet
“RawData”, from where it is automatically accessibleitial assignments are done in
“Sortl”. KNM and KMD are calculated and listed teethght of the signal number and
IUPAC mass. Then, macro “DerFinder10” (see listind\ppendix X9, p. 131) compares
previously calculated and tabled KMD (L17) with sieoof the imported mass list (L29-
55). If the difference is less than previously given“Initial assignment” a match is
considered to be possible. Changes in elemental asitrgn caused prior to or during
ionization due to methylation, protonation or depnattion are also taken into account
(L56-75). This way signals caused by successfulvdBration in addition to those
originating from underivatized analytes are cotyeicientified. Since multiple assignments
are possible, results were sorted according to sstalliscrepancy between measured and
calculated KMD (L373-375). Data were extracted friomeger to numerical format (L376-
383) Integer format compresses class and type, e.§1KIt0 for a methylated compound
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with one sulfur atom, hydrogen deficiency of 10 @ame'°C isotope. The carbon number
for each assignment was calculated as additiortatierfor the assigned KMD series. The
mass of the parent structure of the homologue samiguestion was subtracted from the
measured (L386-389). The remaining rest, represestigly methylene groups, must be
dividable by 14 (in Kendrick mass scale) and reaultinteger number (n). This carbon
distribution number n represents the number of ghetie groups and ranks the compound
in the homologue series. If more than one allocatres possible for one signal, which for
all investigated samples was observed only oncelemmental composition was assigned.
The data (class, Z, n, x, and M = methylation) wered usesheet “Sort3” to construct
elemental compositionJ_:.ZC(C.X)BCXH(2(;.Z)NnOc,SS (L395-409). Assignments after this step
were counted for each class and type and stored for use iexthstep (L390-393).

2.3  Secondary Assignments to Fill Gaps of Unassigh8ignals in the Mass List

In the third step (L100-200) the previously eststidid series are extended. The sheet
“ArtMass” calculates in combination with the macrickenfiller03” elemental
compositions masses which are then compared watiRdw Data mass list. Therefore, the
macro provides class and type of all series inattter of members per series, which are
used in the sheet to calculate elemental compasifior all carbon numbers up to 100 and
the corresponding masses (IUPAC mass scale). Thassas are compared with the ones
measured of the spectra. To include derivatized ontds, the molecular weight was
increased for the mass of the structure introddicednization, e.g. methyl group, proton.
If measured and calculated mass differ less tharmol30 mDa the secondary assignment
is accepted. Later, the multiple assignments arescimad automatically with the macro
“DoltNow01” (L201-333). All data are grouped accargito signal number (L ). If a
signal has multiple possible elemental composititimsy are weighted according to
members assigned in the first step (L ) and acngrth the differences between measured
and hypothetical mass (L ). Series with initiallye@rly identified) more members are
considered first (L ). The parameter “MemberFactsrthe factor in member number that
one homologue series need in excess over a corgeaiies to be assigned, e.g. factor = 2
means: Series A needs double as many members fegnmose as series B to be assigned
to the vacant point of data under considerationtirst for a mass difference in this step
higher than 1.5 mDa result in increased multipleggsgsents which have to be consulted

manually, but general assignment improved with values Upé¢e.t
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3 Sulfur Quantification.

Total sulfur in two vacuum residue fractions ateparation by LEC was quantified by

combustion in oxygen atmosphere and following sulfate tification by ICP-OES.

3.1 Oxidation to Sulfate by Combustion of the Sampl

Sulfur in the LEC fractions of the “effluent”, 18.15gnof fraction 1 and 7.38 mg of
fraction 2, were combusted to sulfate in an oxygemoaphere according to Schoninger
[132]. The samples were dissolved aided by ultrdsaion in 100 pL cyclohexane and
the solution was placed on an ash free paper.fititer careful drying for 5 min the paper
was folded, ignited and rapidly enclosed in a Samger flask filled with 10 mL of 10 %
(v/v) H2O; in twice distilled water. 10 min after complete carastion the remaining D,
was removed by boiling followed by dilution with Qriolar nitric acid to 100 mL. These

solutions were then analyzed by ICP-OES.

3.2 Sulfate Quantification by Inductively Coupled FPasma — Optical Emission
Spectroscopy (ICP-OES)

External calibration with sodium sulfate (2, 4, 6, 8d &0 ppm) was utilized. Sulfur
was detected at atom lines S(l) 142.503, 143.328, 1@,/14%.669, 180.731, and 182.034
nm wavelength. Fraction 1E (PAH of the effluent) teamed 2.0+0.2 %wt sulfur and
fraction 2E (PASH of the effluent) 2.8+0.2 %wit.

4  Supporting Material: Initial Data (Provided by IF P, Vernaison,

France)

The data presented (in IX4) were graciously pregtiby the Institute Francais du

Pétrole, Vernaison, France.
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Table IX-B. Preliminary bulk analysis for complete aromatic

fraction of the effluent before and after HBS.

Elemental Feed Effluent
analysis Aromatics Aromatics
%C 84.33 86.66
%H 11.11 10.57
%N <0.05 <0.05
%S 4.66 291
%0 0.25 0.22
¥*C NMR
%C arom 22.9 23.5
%C quat 14.9 14.8
%C quat condensed 6.9 7.1
%C quat substituted 8.0 7.8
%CH 8.0 8.7
%C sat 77.1 76.5
%CH 10 13.8
%CH;, 54 45.9
%CHs 13.1 16.8
Simulated Distillation
Initial boiling point 466.8 °C
Final AEBP 717.1 °C (90%)
5 Materials and Devices
1,2,3,4-Tetrahydrodibenzothiophene >98 % astec
1,2-Dichloroethane technical grade Fisher Chemicals
1-Methylnaphthalene >97 % Fluka
1-Methylphenanthrene 98 % Janssen
1-Mercapto-5,6,7,8-tetrahydronaphthalene n.a. useo
2,4,6,8-Tetramethyldibenzothiophene >98 % astec
2,7-Dimethylbenzothiophene >98 % astec
2-Methyldibenzothiophene >98 % astec
2-Methylnaphthalene 97 % Fluka
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2-Octyldibenzothiophene
3-Cholestanone
4,6-Dimethyldibenzothiophene
4-Ethyldibenzothiophene
4-Methyldibenzothiophene
4-Octyldibenzothiophene
Acenaphthylene

Aceton

Acetonitrile

Aluminiumoxid 90(neutral)
Aminopropanosilica
Aminopropene

Anthracene
Benzop]naphtho[2,3d]thiophene
Benzothiophene

Bromime

Chrysene

Cyclohexan
Deuterochloroform + 0.01v/v TMS
Dibenzothiophene
Dibenzothiophene
Diethylether
Dimethylchlorosilane
Dinitroaminopropano silica
Ethanol

Ethanol

Fluoranthene

Fluorenone

Glacial acetic acid
Hexachloroplatinic acid

n.a.
n.a.
>98 %
90 %
>98 %
n.a.
99 %
residue analysis
GC

in house
Sigma
astec
in house
astec
in house
Aldrich
Fluka

Fluka

for chromatograpisluka

for HPLC
>98 %
pure
>98 %
0,97
p.a.
>98 %
residue analysis
99.5 %
98 %
98 %
technical grade
97 %
for HPLC
technical grade
residue analysis
p.a.
99
technical grade
>99 %

Hydrogen bromide dissolved in acetic acid 47 %

Hydrogenperoxide
Isopropanol
Kieselgel 60
Magnesium sulfate (dry)
Methanol
Methylene chloride
Methylene chloride
Methyliodide
Naphthalene

Nitric acid

Nitrogen

Perylene
Phenanthrene
Polyphoshoric acid
Potassium hydroxid
Pyrene

p.a.
technical grade

in house
Fluka
Riedel-de-Haen
astec
Fluka
Janssen
Aldrich
Fluka
Fluka
Fluka
Fluka
Fluka
Fluka
in house
Fluka
Fluka
Riedel-de-Haen
Merck
Merck
Alpha
Merc
Grussing
Merck

for chromatographyluka

p.a.
residue analysis

for HPLC
residue analysis
99
99 %
p.a.
Purity 4.6
99 %
98 %
83 %
p.a.
97 %

Grussing
Fluka
Fluka
Fluka
Merck
Merck
Grissing
institute supply
Aldrich
Fluka
Fluka
Grussing
Fluka
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Pyridine 99 % Aldrich
Quinoline technical grade in house

Silica 10 um 100A for HPLC Merck

Silver(l) tetrafluoroborate >95 % Aldrich
Sodium sulfate p.a. Merck

Sulfuric acid p.a. Grussing
Tetrachlorophthalic acid anhydrid 97 % Fluka
Tetrahydrofuran for HPLC Acros Organics
Theobromine deposited on silica p.a. in house
Toluene residue analysis Fluka
Trichlorosilane 99 % Aldrich
Trimethylchlorsilane n.a. in house

Water

6 Instrumental Parameters

HP1050

twice distilled

institute supply

Hewlett-Packard 1050 HPLC system with a quaternauynp, degasser, manual

injection valve and a diode array detector seetwmird the UV spectra from 200 to 450 (or
600) nm. Instrument control and data recording wergedvith Chemstation version 9.03,
(Agilent, 71034 Bdblingen, Germany).

Knauer Wellchrom

Knauer system consisting of an interface box, 4 ecebsolvent degasser, two Ministar
K 501 analytical pumps, mixing chamber, electricgdtion valve or basic marothon plus
autosampler, variable wavelenght UV detector seé236 or 254 nm. Instrument control
and data recording were done with Chromgate verddh (Knauer, 14163 Berlin,

Germany).
GPC

For GPC separations a Phenogel (Phenomenex, Torr@adidornia 90501, USA)
5 um, 50 A, 600 x 7.8 mm ID column with a fractionatiange of 100 — 2000 Dalton was
used. The mobile phase was tetrahydrofuran:cyclotexa@5:15(v/v) or pure
tetrahydrofuran (for strongly solvating propertiegy tetrahydrofuran:cyclohexane
15:85(v/v) as a weakly solvating mixture at a flomte of 1.0 mL per minute, fractions

were collected manually.
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LEC

Ligand exchange chromatography was used for thepgseparation of PASHs from
PAHs on a Pd(ll)-bonded stationary phase with 10100 A silica in a column of
125x4.6 mm ID. Solvent was CH/DCM 7:3 (v/v) for 15 mtimen 0.5 % (v/v) isopropanol
was added to the composition until elution of teeond fraction (usually 15 min). Flow

rate was 1.0 mL, fractions were collected manually.
Charge Transfere Chromatography

TCPP: Tetrachlorophthalimidopropano silica was Isgsized according to Holstein
[47] on nucleosil 100A 10 pm and was packed accgrdi the slurry method using
methanol and a pneumatic pump (Knauer, 14163 Bd&darmany). Column dimensions
were 120x4 mm ID. Three consecutively coupled cosiwere used for the analysis of

the vacuum residue samples.

DNAP: 2,4-Dinitroanilin-N-propano silica, on nucleo$d0 A 10 pm, 120x3mm ID, in

housé®.

TB: Theobromine deposited on Nucleosil 100 A 5um, 120x4mnmyuisd

AP: Aminopropano silica (Polygosil ® (60-10) MHL.25x4 mm ID, Macherey-Nagel
MALDI-TOF-MS

MALDI-TOF analysis was done by co-crystallizationttw DCTB (trans-2-[3-(4-
butylphenyl)-2-methyl-2-propenylidene]malononitjilas matrix. The instrument was a
Reflex IV (Bruker Daltonics, Bremen, Germany) witmirogen laser at 337 nm, pulse
3 ns, voltage 19 kV.

FT-ICR-MS

Mass spectra were recorded using an APEX Ill FT-M® (Bruker Daltonics,
Bremen, Germany), equipped with a 7 T magnet and gile§ electrospray (ESI) ion

source.

The methylated samples were introduced as a solutiadichloromethane/methanol
1.1 (v/v) and injected in the infusion mode witlfiawv rate of 2 pL/min at an electrospray

voltage of 4.5 kV. The ions were collected for 0.:saihexapol before release into the

25 Synthesized by Thomas Schade, 02/2001, Departhémialytical Chemistry, 48149 Miinster, Germany.
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cyclotron cell. At least 64 scans were accumulateck&ch spectrum to improve the signal

to noise ratio. Internal and external mass calibnativas performed using the Agilent

electrospray calibration solution, covering the memsge of the sample with the exact
masses 322.04812, 622.02896, and 922.00980 Da.

7  Abbreviations

ABC
ACDA
ACN
AEBP
AP
APCI

BBL
BNT
BPT
BT

CH
CHNT
thiophene; "Oskar"

Da

DBT

DCE

DDS

DHB

DNAP

DNHB

DNHB
propenylidene]malononitrile

El
EPA
EPA
EPD
ESI

FCC

FD

Fl
FT-ICR-MS
spectrometry

GPC

Asphaltene bottom cracking
2-Aminocyclopentene-1-dithiocarboxylic acid
Acetonitrile

Atmospheric equivalent boiling point
Aminopropano

Athmospheric pressure chemical ionization

per Barrel
Benzonaphthothiophene
Benzophenanthrothiophene
Benzothiophene

Cyclohexane
Cholestano[2,8]-5,6,7,8-tetrahydronaphtho[2d]-

Dalton

Dibenzothiophene
1,2-Dichloroethane

Direct desulfurization
2,4-dihydroxybenzoic acid
3-(2,4-dinitroanilino)propano

trans-2-[3-(4-t-butylphenyl)-2-methyl-2-

Electron impact ionization
Environmental protection agency
Electron pair acceptors

Electron pair donors
Electrospray ionization

Fluid catalytic conversion

Field desorption

Field ionization

Fourier transform ion cyclotron resonantass

Gel permeation chromatography
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h
HDS
HPLC
HYD

ICP-OES
spectroscopy
ICR

IFP

kDa
KMD
KNM

laser
radiation
LC

LEC
LIMS

MALDI
mDa
MDa
min
MS

NM
NMR
NPT
NY

OSC

p.
PAC
PAH
PANH
PASH
PB
PSDVB

RFCC

S
SARA

B
TCPP

Hour(s)

Hydrodesulfurization

High performance liquid chromatography
Hydrogenation desuldufurization route

Inductively coupled plasma optical emmissio

lon cyclotron resonance
Institut Francais du Pétrole

kilo Dalton
Kendrick mass defect
Kendrick nominal mass

Light amplification by stimulated emission of

Liquid chromatography
Ligand exchange chromatography
Laser ionization mass spectrometry

Matix assisted laser desorption and ionizatio
milli Dalton

Mega Dalton

minute(s)

Mass spectrometry

Nominal mass

Nuclear magnetic resonance
Naphthophenanthrothiophene
New York

Organic sulfur compounds

Page

Polycyclic aromatic compounds
Polycyclic aromatic hydrocarbons
Polycyclic aromatic nitrogen heterocycles
Polycyclic aromatic sulfur heterocycles
Parcticle beam ionization
Polystyrene-divinylbenzene

Residue fluidized catalytic cracking

Second(s)
Saturates, aromatics, resins and asphaltenes

Theobromine
Tetraclorophthalimidopropano
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THF
TOF-MS
TSP

uv

viv

Vis
VPO

XANES
XPS

Tetrahydrofuran
Time of flight mass spectrometry
Thermospray

Ultraviolet

Voltage

Volume per volume
Visible light

Vapor pressure 0Smosis

weight

X-ray absorption near edge structure
X-ray photoelectron spectroscopy
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8 Calculated “Mass Spectra” of S1 Class Homologue=8es
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Figure 1X-1. Plots of S1 class series of Feed fraction 1.
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Figure IX-2. Plots of S1 class series of Effluent fraction 1.
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a) | ~+ S1DE3
] - S1 DE4

250 350 450 550p, 650 750 850
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Figure IX-3. Plots of S1 class series of Feed fraction 2.
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a) | ~+ S1 DE3
] - S1 DE4
= S1 DE5

750 850

——S1 DE10
—+- S1 DE11
—— S1 DE12
—+ S1 DE13

|

250 350 450 550 pa 650 750 850

Figure IX-4. Plots of S1 class series of Effluent fraction 2.
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9  Code for Data Processing Makros

Sub "DerFinder10()*

' Makro am 11.06.2165 von Hendrik aufgezeichnet
' Tastenkombination: Strg+f

Dim Interval As Single
Dim Methylated As Double
Dim x, y, z As Integer
Methylated = 0

x=1

y=0

z=0

‘Tabellierte KMD in Array KMDTable einlesen
Windows("HP2000.xIs").Activate
Sheets("KMDTable").Select

KMDTable = Range("K83:M273")

Sheets("Sort1").Select
Interval = Range("L1").Value

Application.Goto Reference:="Sort3" 'delete old dat
Selection.ClearContents

MsgBox "1. Step: Class & types wil be initially a
difference (calculated - measured mass) of " & Inte

Range("H4").Select

Do Until ActiveCell.Value ="
y=0
x=1

Do While KMDTable(x, 1) - ActiveCell.Value <= |
‘Methylation included

ssigned
rval & " m amu."

nterval + 7
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Select Case KMDTable(x, 1)

Case Is <= ActiveCell.Value

If Interval >= ActiveCell.Value - KMDTable(
ActiveCell.Offset(0, 3 + y) = KMDTa

ActiveCell.Offset(0, 15 + y) = Acti
KMDTable(x, 1)

y=y+1

'MsgBox "2 ActiveCell.Value = " & A
& "KMDTalbe(" & x & ", 1) =" & KMDTable(x, 1)

End If

Case Is > ActiveCell.Value

If Interval >= KMDTable(x, 1) - ActiveCell.
ActiveCell.Offset(0, 3 + y) = KMDTa

ActiveCell.Offset(0, 15 + y) = KMDT
ActiveCell.Value

y=y+1
End If
End Select

Methylated = ActiveCell.Value + 6.8

Select Case KMDTable(x, 1)

Case Is <= Methylated

If Interval >= Methylated - KMDTable(x, 1)
ActiveCell.Offset(0, 3 +y) ="M" &

ActiveCell.Offset(0, 15 + y) = Meth
KMDTable(x, 1)

y=y+1

End If

Case Is > Methylated

If Interval >= KMDTable(x, 1) - Methylated
ActiveCell.Offset(0, 3 +y) ="M" &

ActiveCell.Offset(0, 15 + y) = KMDT
Methylated

y=y+1
End If
End Select

X, 1) Then
ble(x, 2)
veCell.Value -

ctiveCell.Value

Value Then
ble(x, 2)
able(x, 1) -

Then
KMDTable(x, 2)
ylated

Then
KMDTable(x, 2)
able(x, 1) -
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X=x+1
If x =191 Then Exit Do
Loop
ActiveCell.Offset(1, 0).Select
Loop

MsgBox "Succesfully assigned class and type within
"'m amu ! Press 'Enter' to copy data. Continue with
L to start the makro: Lickenfiller03."

Range("K4:AF2003").Select
Selection.Copy
Range("Al4").Select

Selection.PasteSpecial Paste:=xIValues, Operati
SkipBlanks:= _

False, Transpose:=False

Sheets("ArtMass").Select
Range("Z2").Select

End Sub

" & Interval &
CTRL + SHIFT +

on:=xINone,
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Sub "Luckenfiller03()"

' Lickenfiller01 Makro

' Makro am 12.06.2004 von Hendrik aufgezeichnet

' Tastenkombination: Strg + L

Dim col, Typ, Class, Initial, IsoCarb, Interval, x
col = x = Typ = Class = Initial = IsoCarb =0

Interval = Sheets("Settings").Range('D20").Value

'Prepare the Sheet Test

Sheets("TEST").Select
Cells.Select
Selection.ClearContents

Range("Al1").Value = Sheets("RawData").Range("A2

Range("A2").Value = "Interval : " & Interval

'‘Copy the actual KMDTable and sort it according to

assigned homologue members

Sheets("KMDTable").Select
Range("182:M273").Select
Selection.Copy
Sheets("ArtMass").Select
Range("AD4").Select

Selection.PasteSpecial
SkipBlanks:= _

False, Transpose:=False

Paste:=xlValues,

Application.CutCopyMode = False

Selection.Sort Keyl:=Range("AH5"),

Key2:=Range( _

"AE5"), Order2:=xlAscending,
OrderCustom:=1, MatchCase _

:=False, Orientation:=xITopToBottom

Sheets("ArtMass").Select
Range("AH5").Select

As Integer
").Value
initially
Operati on:=xINone,
Orderl:=xIDe scending,
Header:=xIGues S,
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MsgBox "Now trying to fill gaps in homologue series . Only signals
within +-" & Interval & " m amu will be considered"
Do Until ActiveCell.Offset(col, 0).Value ="

Typ = ActiveCell.Offset(col, -3).Value

Class = ActiveCell.Offset(col, 1).Value

Initial = ActiveCell.Offset(col, 0).Value

IsoCarb = ActiveCell.Offset(col, 2).Value

'MsgBox "Considering Class S" & Class & "/ Typ Z"&Typ &"/
13C = " & IsoCarb & ". Initial Assigned have been " & Initial &
"Members. Press Enter!"

Range("C2").Value = Typ

Range("D2").Value = Class

Range("E2").Value = IsoCarb

Range("2").Value = Initial

'MsgBox "Now calculating Class S" & Class & " a ndtype Z="&
Typ &"..."

Range("AL5:AS50").Select

Selection.Copy

Sheets("TEST").Select 'Den Quatsch kopieren nac h TEST

Range("Al1").Select

Selection.End(xIDown).Select

ActiveCell.Offset(1, 0).Select

Selection.PasteSpecial Paste:=xIValues, Operati on:=xINone,
SkipBlanks:= _

True, Transpose:=False
Sheets("ArtMass").Select

X=x+1
Range("AH5").Select
col=col+1

Loop
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MsgBox "Finished: " & x & " loops done. Sorting res

Sheets("Sort3").Select 'Attach initial assigned
Range("B3:13").Select

Range(Selection, Selection.End(xIDown)).Select
Selection.Copy

Sheets("TEST").Select

Range("Al1").Select
Selection.End(xIDown).Select
ActiveCell.Offset(1, 0).Select

Selection.PasteSpecial Paste:=xIValues, Operati
SkipBlanks:= _

False, Transpose:=False

Sheets("TEST").Range("A3:H6").Select
Range(Selection, Selection.End(xIDown)).Select

Selection.Sort Keyl:=Range("A3"), Orderl:=xlAsc
Key2:=Range("D3") _

, Order2:=xIAscending, Header:=xIGuess, Ord
MatchCase:= _

False, Orientation:=xITopToBottom

MsgBox "Please continue with the next Makro: CTRL +
DoltNow01"

End Sub

ults.."

data

on:=xINone,

ending,

erCustom:=1,

d for:
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Sub “DoltNow01()”

' Makro am 13.06.2004 von Hendrik aufgezeichnet
' Tastenkombination: Strg + D

Sheets("TEST").Select ' Kopieren der Daten nach
Range("A3:H3").Select

Range(Selection, Selection.End(xIDown)).Select
Selection.Copy

Sheets("Sort4").Select

Range("'B6").Select

Selection.PasteSpecial Paste:=xIValues, Operati
SkipBlanks:= _

False, Transpose:=False

Range("K6:R2030").Select 'Erster Schritt automa
Sortierung

Application.CutCopyMode = False
Selection.Copy
Range("'S6").Select

Selection.PasteSpecial Paste:=xIValues, Operati
SkipBlanks:= _

False, Transpose:=False
Application.CutCopyMode = False

Selection.Sort Keyl:=Range("S6"), Orderl:=xlAsc
Key2:=Range("W6") _

, Order2:=xIDescending, Header:=xIGuess, Or
MatchCase:= _

False, Orientation:=xITopToBottom

MsgBox " Comparing formulas for multiple assigned s
Step" & _

Range("J5").Value & " multiple assignments. Continu
step.."

Range("AB6:AI2030").Select ~ 'Zweiter ~ Schritt  aut
Sortierung

Selection.Copy
Range("AJ6").Select

SORT4

on:=xINone,

tische

on:=xINone,

ending,

derCustom:=1,

ignals. First

e with next

omatische
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Selection.PasteSpecial Paste:=xIValues, Operati on:=xINone,
SkipBlanks:= _
False, Transpose:=False
Application.CutCopyMode = False
Selection.Sort Keyl:=Range("AJ6"), Orderl:=xlAs cending,

Key2:=Range("AN6" _

), Order2:=xIDescending, Header:=xIGuess, O
MatchCase:= _

False, Orientation:=xITopToBottom

MsgBox " Comparing formulas for multiple assigned s
Step" & _

Range("AA5").Value & " multiple assignments. Contin
step.."

Range("AS6:AZ2030").Select  'Dritter ~ Schritt  aut
Sortierung

Selection.Copy
Range("BA6").Select

Selection.PasteSpecial Paste:=xIValues, Operati
SkipBlanks:= _

False, Transpose:=False
Application.CutCopyMode = False

Selection.Sort Keyl:=Range("BA6"), Orderl:=xIAs
Key2:=Range("BE6" _

), Order2:=xIDescending, Header:=xIGuess, O
MatchCase:= _

False, Orientation:=xITopToBottom

MsgBox " Checked for signals with multiple assigned

Range("BI5").Value & " multiple assignments remain
manually checked."

Sheets("Export”).Range("A4:1V30000").Clear
Sheets("Sort4").Range("BA6:BI2030").Select
Selection.Copy

Sheets("Export").Select

Range("A4").Select

Selection.PasteSpecial Paste:=xIValues, Operati
SkipBlanks:= _

rderCustom:=1,

ignals. Second

ue with next

omatische

on:=xINone,

cending,

rderCustom:=1,

formulas. " &

and have to be

on:=xINone,
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False, Transpose:=False

Sheets("Sort4").Select
Range("BN6:B0O2030").Select
Selection.Copy
Sheets("Export").Select
Range("J4").Select

Selection.PasteSpecial Paste:=xlValues,
SkipBlanks:= _

False, Transpose:=False

Sheets("Sort4").Select ‘Not Assigned
transported to sheet EXPORT and sorted.

Range("BJ6:BJ2030").Select
Selection.Copy
Sheets("Export").Select
Range("M4").Select

Selection.PasteSpecial Paste:=xIValues,
SkipBlanks:= _

False, Transpose:=False

Sheets("Sort4").Select
Range("BK6:BK2030").Select
Application.CutCopyMode = False
Selection.Copy
Sheets("Export").Select
Range("O4").Select

Selection.PasteSpecial Paste:=xIValues,
SkipBlanks:= _

False, Transpose:=False

Sheets("Sort4").Select
Range("BL6:BL2030").Select
Application.CutCopyMode = False
Selection.Copy
Sheets("Export").Select
Range("T4").Select

Selection.PasteSpecial Paste:=xIValues,
SkipBlanks:= _

Operati

Signal

Operati

Operati

Operati

on:=xINone,

S are

on:=xINone,

on:=xINone,

on:=xINone,
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False, Transpose:=False

Range("M4:T2028").Select
Application.CutCopyMode = False

Selection.Sort Keyl:=Range("M4"), Orderl:=xlAsc ending,
Header:=xIGuess, _

OrderCustom:=1, MatchCase:=False,
Orientation:=xITopToBottom
MsgBox "Results are listed in sheet EXPORT. Paramet ers for
calculaton are on sheet. SETTINGS. There are " &
Sheets("Sort4").Range("BI5").Value & " signals with two or more
assingnments. Please check those manually.”
End Sub
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Code for Worksheet: “MWCsort”

=WENN(LINKS(F3;5)="; FF ";12+1;2)

=WENN(I13=12;"";I3)
=WENN(ISTFEHLER(WERT(RECHTS(F4;2)))=WAHR;";WERT(RE CHTS(F4:2))
=WENN(K3>0;F5;"")

=WENN(ISTFEHLER(ABS(WERT(WENN(K3>0;WECHSELN(WECHSEHS5;"dm=";"";1)
"ppm*; ™ 1);"))))=WAHR; ", ABS(WERT(WENN(K3>0;WECH SELN(WECHSELN(H5
dm="""1);"ppm";™;1);"))))

=SVERWEIS($B5;RawData!$J$2:$AE$25000;L$1;FALSCH)
=SVERWEIS($B5;RawData!$J$2:$AE$25000;V$1;FALSCH)
=INDEX(L5:AE5;;VERGLEICH(KKLEINSTE(V5:AE5;1);V5:AE5 ;0))
=AL5+AM5-Settings!$C$18
=WENN(ISTFEHLER(WERT(TEIL(AF5;FINDEN("H":AF5;1)+1:3  )))=WAHR;WERT(TE
IL(AF5;FINDEN("H";AF5;1)+1;2))-
Settings!$C$17;WERT(TEIL(AF5;FINDEN("H";AF5;1)+1;3) )-

Settings!$C$17)

=WENN(ISTFEHLER(FINDEN("O";AF5;1))=WAHR;0;WENN(ISTF  EHLER(WERT(TEIL(
AF5;FINDEN("O";AF5;1)+1;2)))=WAHR;WENN(ISTFEHLER(WE ~ RT(TEIL(AF5;FIND
EN("O";AF5;1)+1;1)))=WAHR;1;WERT(TEIL(AF5;FINDEN("O "AF5;1)+1;1)));
WERT(TEIL(AF5;FINDEN("O":AF5;1)+1:2))))
=WENN(ISTFEHLER(FINDEN("S";AF5:1))=WAHR;0;WENN(ISTF  EHLER(WERT(TEIL(
AF5;FINDEN("S";AF5;1)+1;2)))=WAHR;WENN(ISTFEHLER(WE RT(TEIL(AF5;FIND
EN("S":AF5;1)+1:1)))=WAHR;1:WERT(TEIL(AF5:FINDEN("S "AF5;1)+1;1)));
WERT(TEIL(AF5;FINDEN("S":AF5;1)+1:2))))

=WENN(ISTFEHLER(FINDEN("C2_";AF5;1))=WAHR;0;1)
=WENN(ISTFEHLER(FINDEN("C3_";AF5;1))=WAHR;0;1)
=WENN(ISTFEHLER(FINDEN("Ag";AF5:1))=WAHR:0;1)
=(AH5*2+2)-Al5

=WENN(ODER(AN5=1;A05=1);"Cluster; WENN(AP5<0;FALSCH ;WENN(ISTUNGERAD
E(AP5);"NoMethyl"; WAHR)))

=WENN(ISTFEHLER(WENN(AQ3=FALSCH;AG3*1000000;WENN(AB="cluster";AG3*
1000;AG3)))=WAHR;10000000; WENN(AQ3=FALSCH;AG3*10000 00;WENN(AQ3="clu
ster;AG3*1000;AG3)))

=WENN(ISTFEHLER(WAHL(VERGLEICH(KKLEINSTE((EV5:FE5); 1);(EV5:FE5);0);
AF5;AR5;BD5;BP5;CB5;CN5;CZ5;DL5;DX5;EJ5))=WAHR;";W AHL(VERGLEICH(KK
LEINSTE((EV5:FE5);1);(EV5:FE5);0);AF5:AR5;BD5;BP5;C B5;CN5;CZ5;DL5;D
X5;EJ5))
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10 Spreadsheet Code “HP2000”

Worksheet: “Sortl1”
=WENN(ISTFEHLER(KKLEINSTE($AU4:$BD4;BF$3))=WAHR;"";
BD4;BF$3))
=WENN(BF4="";"";INDEX($Al4:$3AR4;;VERGLEICH(BF4;$AU4
=WENN(CE4=1,VERKETTEN("*S";CC4;"Z";,CD4);VERKETTEN("

=WENN(ISTFEHLER(WERT(TEIL(BQ4;FINDEN('S":BQ4)+1;1))
EIL(BQ4;FINDEN("S";BQ4)+1;1)))

=WENN(ISTFEHLER(WERT(TEIL(BQ4;FINDEN("Z";BQ4)+1;2))
EIL(BQ4;FINDEN("Z";BQ4)+1:2)))

=WENN(ISTFEHLER(FINDEN("*";BQ4))=WAHR;0;1)
=WENN(ISTFEHLER(FINDEN("M":BQ4))=WAHR;0;1)

KKLEINSTE($AU4:$

:$BD4;0)))
S";CC4;"Z";,CDA4))
)=WAHR;";WERT(T

)=WAHR;";WERT(T

=WENN(CC4="";""; WENN(REST(RUNDEN(KF*WENN(CF4=1;$C4- Methylated;$C4)-

KF*INDEX(KMDTable!$E$8:$H$38;(CD4+4)/2;,CCA+1);2);14
=1;$C4-Methylated;$C4)-
KF*INDEX(KMDTable!$E$8:$H$38;(CD4+4)/2;CCA4A+1))/14;"

=WENN($CH4<>"";CC4;WENN($CO4<>"",CI4;WENN($CV4<>"";

)=0;(KF*WENN(CF4

")
CQ4:™))

“(=SUMME(WENN($CX$4:$CX$1500=CX4;WENN($CY$4:$CY$150 0=CY4;1;0))))"

=WENN(CW4="";"";DD4)

=WENN(ISTFEHLER(SVERWEIS(L83;Sort1!$CW$4:$DE$2003;8
;SVERWEIS(L83;Sort1!$CW$4:$DE$2003;8;FALSCH))

Worksheet: “Sort3”

=Sortl!DC4
=INDEX(U$4:U$34;(G3+4)/2;)

'FALSCH))=WAHR;0

Carbon number (humber of methylen groups )

C atoms in base molecule (defines class & type)

=INDEX(V$4:V$34,(G3+4)/2;)

H atoms in base molecule (defines class & type)

=2*03-G3
=WENN(Sort1!DC4="";"";Sort1!B4)

=WENN(Sort1!DC4="";"";WENN(Sort1!DA4=1;Sort1!C4-
Methylated;Sort1!C4))

=WENN(F3=""""WENN(K3=1;VERKETTEN("*C";03;"H";P3;W
EN("S";H3);"));VERKETTEN("C";03;"H";P3;WENN(H3>0;V
)

=WENN(L3="";""; WENN(Sort1!DA4=1;VERKETTEN("M";L3);L
Add methylation/protonation marker to elemental co

H atoms in elemental composition

take Z

Check methylation

ENN(H3>0;VERKETT
ERKETTEN("S";H3)

compose elemental composition

3))

mposition
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405 Worksheet: “ArtMass”

=10 number of C in elemental composition (EC)
=B5*2-$C$2 number of Hin EC
=WENN($E$2=0;VERKETTEN("C";B5;"H";C5);VERKETTEN("*C "B5;"H";C5H))
presence of 13C isotope

410 =WENN($G$2=0;D5;VERKETTEN(D5;"N";$G$2)) number of N in EC
=WENN($F$2=0;E5;VERKETTEN(E5;"0";$F$2)) number of O in EC
=WENN($D$2=0;F5;VERKETTEN(F5;"S";$D$2))

number of S in EC and final EC

=B5*Carbon+C5*Hydrogen+$D$2*SULFUR+$E$2*1,00335+$F$ 2*Oxygen+$G$2*Ni
415 trogen IUPAC mass for calculated EC is calculated

=H5+Methylated Mass added by ionization process is added
KM, KNM and KMD are calculated

=SVERWEIS(RUNDEN(H5;2);$Z$5:3AB$2003;3;FALSCH)

420 Mass list of the spectra is searched for matching m asses with
calculated mass

=WENN(STFEHLER(M5)=WAHR;10;WENN(H5>M5;H5-M5;M5-H5) )
Difference between calculated and found mass

=WENN(N5=10;";WENN(N5<INTERVAL/1000;SVERWEIS(RUNDE N(H5;2):$Z$5:$AB
425  $2003;2;FALSCH);"™))

if difference matches INTERVAL the Signal no. is t ransferred
=WENN(O5="";"";Gb5) EC is transferred
The same is done for compounds with added mass by i onization
assumed
430

=WENN($N5<$R5;05;WENN($N5>$R5;S5;™))

fitting assignments (of the step ahead are transfe rred
=WENN($N5<$R5;P5;WENN($N5>$R5;T5;™")) EC is transfe rred
=WENN(V5="";"";H5) IUPAC mass of EC is transferred

435 =WENN(V5="""WENN($N5<$R5;N5;R5))

Relative intensity is transferred

newly assigned signals are sorted for further use ( exportation by
macro “Luckenflller03”)

440 =WENN(ISTFEHLER(KKLEINSTE($U$5:3U%$104;$A5))=WAHR;"™ ;KKLEINSTE($U$5:
$U$104;$A5)) Signal no. is transferred and sorted

=WENN(AL5="";"";SVERWEIS($AL5;$U$5:$X$104;2;FALSCH) ) EC
=WENN(AL5="";"":SVERWEIS($AL5;$U$5:$X$104;3;FALSCH) ) IUPAC mass
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=WENN(AL5="";"";SVERWEIS($AL5;$U$5:$Y$104;4;,FALSCH) *1000)

difference calc. — measured mass

=WENN(AL5="";"";$1$2) number of initial assignement S
=WENN(AL5="";"";$C$2) z
=WENN(AL5="";"";$D$2) class

=WENN(AL5="";"";SVERWEIS(AL5;$AA$5:$AC$2003;3;FALSC H))
relativ intensity

All data is then combined with that for all other s eries and
transferred to Worksheet “Sort4”.

Worksheet: “Sort4”

=WENN(B6="";"";WENN(B6=B7;"ALARMD";WENN(B6=B5;"ALAR  MU";"")))
check for multiple assignments for one signal

=WENN(J6="";B6;WENN(J6="ALARMD";WENN(UND(G6=G7;H6=H 7);B6;WENN(F6>=F
7*MemFac;B6;™));WENN(J6="ALARMU";WENN(UND(G6=G5;H6  =H5);";WENN(F6>
=F5*MemFac;B6;™)))))

decide which signal fits better, criteria: Member factor
=WENN($K6="";"";C6) transfer data from best assignm ent
=WENN($K6="";"";D6)

=WENN(ISTFEHLER(SVERWEIS(A6;BA$1:BG$2030;1;FALSCH)) =WAHR;SVERWEIS(A
6;Sort11$B$4:$D$2003;1;FALSCH);™)

find signals without assignment and sort them accor ding to signal
no.

=WENN(ISTFEHLER(BJ6)=WAHR;";WENN(BJ6=""";SVERWE|  S(A6;Sort1!$B$4:
$D$2003;2;FALSCH)))

transfer accurate mass for unassigned signals
=WENN(BK6="";"";SVERWEIS(A6;Sort1!$B$4:$D$2003;3;FA LSCH))
transfer relative intensity for unassigned signals
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